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Abstract	  
The	  ability	  of	  an	  organism	  to	  respond	  to	  environmental	  stress	  is	  an	  important	  indicator	  of	  how	  it	  will	  age.	  	  
Two	  life-­‐extension	  protocols,	  dietary	  restriction	  (DR)	  and	  hormesis,	  are	  thought	  to	  extend	  life	  by	  placing	  
stress	  on	  an	  organism	  which	  then	  up-­‐regulates	  its	  own	  stress-­‐	  response	  systems.	  	  Because	  many	  
researchers	  believe	  that	  DR	  is	  a	  form	  of	  hormesis,	  it	  is	  important	  to	  determine	  whether	  the	  genetic	  
pathways	  behind	  these	  two	  protocols	  overlap.	  To	  answer	  this	  question,	  this	  study	  tested	  14	  candidate	  
genes	  for	  requirement	  in	  either	  DR	  or	  hormesis.	  While	  there	  was	  little	  genetic	  overlap	  between	  DR	  and	  
hormesis,	  two	  genes	  in	  the	  insulin-­‐	  signaling	  pathway,	  daf-­‐16	  and	  daf-­‐18,	  were	  partially	  required	  for	  
both	  protocols.	  	  Moreover,	  the	  mitochondrial	  ribosomal	  protein	  B0261.4	  was	  required	  for	  heat-­‐induced	  
hormesis,	  although	  the	  components	  of	  the	  electron	  transport	  chain	  tested	  were	  not	  required.	  	  The	  
results	  of	  this	  study	  indicate	  two	  mostly-­‐separate	  stress-­‐	  response	  pathways	  and	  suggest	  that	  hormesis	  
and	  DR	  might	  not	  function	  through	  the	  same	  mechanism.	  	  The	  most	  interesting	  result	  of	  this	  thesis	  is	  the	  
possible	  requirement	  of	  mitochondrial	  ribosomal	  function	  in	  heat-­‐induced	  hormesis.	  	  Further	  
investigation	  into	  the	  role	  of	  mitochondrial	  ribosomal	  genes	  should	  be	  undertaken	  to	  determine	  the	  
extent	  of	  requirement	  of	  mitochondrial	  protein	  translation	  in	  heat-­‐induced	  hormesis.	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Introduction	  
	  
Two	  environmental	  life-­‐	  extension	  treatments,	  dietary	  restriction	  and	  hormesis,	  extend	  lifespan	  
and	  increase	  stress	  resistance	  in	  the	  model	  organism	  C.	  elegans.	  While	  some	  evidence	  points	  to	  at	  least	  
partially-­‐	  overlapping	  genetic	  pathways,	  the	  degree	  of	  mechanistic	  overlap	  between	  these	  two	  life-­‐	  
extending	  treatments	  remains	  unclear.	  	  Yet	  because	  the	  life-­‐extension	  capabilities	  of	  dietary	  restriction	  
and	  hormesis	  are	  so	  large,	  it	  is	  vital	  to	  understand	  the	  mechanisms	  behind	  these	  phenomena.	  	  A	  
thorough	  understanding	  of	  dietary	  restriction	  and	  hormesis	  could	  lead	  to	  life-­‐extending	  drugs	  that	  
mimic	  their	  effects	  and	  increase	  human	  lifespan	  and	  health-­‐span.	  Thus	  this	  thesis	  explores	  the	  degree	  of	  
genetic	  overlap	  between	  dietary	  restriction	  and	  hormesis	  by	  testing	  candidate	  genes	  for	  requirement	  in	  
each.	  	  If	  the	  genetic	  pathways	  of	  these	  treatments	  do	  overlap,	  then	  this	  will	  lead	  to	  a	  much	  clearer	  
understanding	  of	  how	  these	  treatments	  extend	  life	  and	  thus	  better	  enable	  researchers	  to	  translate	  
these	  phenomena	  into	  meaningful	  life-­‐extension	  treatments.	  	  	  
	   Dietary	  restriction	  (DR),	  a	  reduction	  in	  nutrient	  intake	  without	  starvation,	  is	  one	  of	  the	  most	  
significant	  environmental	  life-­‐	  extension	  treatments	  to	  be	  uncovered	  to	  date.	  	  In	  a	  diverse	  array	  of	  
organisms,	  from	  flies	  to	  mice	  to	  nematodes,	  DR	  has	  been	  shown	  to	  significantly	  increase	  lifespan	  and	  
stress	  resistance	  (Heilbronn	  and	  Ravussin,	  2003).	  	  Yet	  while	  DR	  appears	  to	  induce	  alterations	  in	  gene	  
expression,	  little	  is	  known	  about	  the	  exact	  mechanisms	  behind	  the	  life-­‐	  extending	  effects	  of	  DR.	  	  To	  
further	  complicate	  this	  picture,	  different	  forms	  of	  DR	  appear	  to	  act	  through	  different	  genetic	  pathways	  
(Greer	  and	  Brunet,	  2009),	  making	  it	  very	  difficult	  to	  uncover	  the	  exact	  mechanisms	  behind	  this	  
phenomenon.	  	  	  
Another	  important	  life-­‐	  extension	  technique	  involves	  increasing	  stress	  resistance	  by	  exposing	  
the	  organism	  to	  a	  low	  level	  of	  stress.	  	  Such	  induced	  benefits	  caused	  by	  mild	  stress	  are	  called	  “hormesis”	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(Calabrese	  and	  Baldwin,	  2002).	  	  Researchers	  have	  observed	  hormetic	  effects	  induced	  by	  stresses	  as	  
diverse	  as	  radiation,	  hypoxia,	  reactive	  oxidative	  species	  (ROS)	  (Calabrese	  and	  Baldwin,	  2002),	  and	  heat	  
(Cypser	  et	  al,	  2006).	  	  In	  fact,	  because	  many	  researchers	  consider	  DR	  to	  be	  a	  form	  of	  stress	  that	  promotes	  
a	  physiological	  response,	  some	  believe	  that	  DR	  is	  itself	  a	  form	  of	  hormesis	  (Masoro,	  2005).	  	  Indeed,	  
some	  researchers	  have	  proposed	  that	  DR	  is	  a	  form	  of	  “mitohormesis”	  induced	  by	  the	  stress	  of	  reactive	  
oxygen	  species	  produced	  in	  the	  mitochondria	  in	  response	  to	  lowered	  caloric	  intake	  (Ristow	  and	  Zarse,	  
2010).	  	  The	  mitohormesis	  theory	  of	  caloric	  restriction	  represents	  a	  compelling	  argument	  in	  support	  of	  an	  
overlapping	  mechanism	  between	  hormesis	  and	  DR.	  	  Moreover,	  the	  transcription	  factor	  DAF-­‐16	  appears	  
to	  be	  required	  for	  both	  some	  forms	  of	  DR	  (Greer	  and	  Brunet,	  2009)	  and	  some	  forms	  of	  hormesis	  (Cypser	  
et	  al,	  2006).	  	  These	  observations	  suggest	  at	  least	  partial	  overlap	  between	  the	  genetic	  pathways	  that	  
induce	  stress	  resistance	  in	  response	  to	  hormesis	  and	  DR.	  
	  Researchers	  have	  uncovered	  a	  small	  number	  of	  genes	  required	  for	  some	  forms	  of	  DR,	  including 
aak-­‐2,	  pha-­‐4,	  skn-­‐1,	  let-­‐363,	  sir-­‐2.1,	  and	  daf-­‐16	  (Greer	  and	  Brunet,	  2009).	  	  Additionally,	  researchers	  have	  
found	  several	  components	  in	  the	  insulin	  signaling	  pathway	  (daf-­‐16,	  daf-­‐12,	  and	  daf-­‐18)	  that	  are	  required	  
for	  some	  forms	  of	  hormesis	  (Cypser	  et	  al,	  2006).	  	  Yet	  the	  degree	  to	  which	  DR	  genes	  are	  required	  for	  
hormesis	  and	  hormesis	  genes	  are	  required	  for	  DR	  is	  still	  largely	  unexplored.	  	  	  This	  begs	  the	  question:	  
how	  interrelated	  are	  dietary	  restriction	  and	  hormesis	  on	  a	  genetic	  level,	  and	  to	  what	  degree	  do	  the	  
genes	  required	  for	  each	  of	  these	  life-­‐	  extending	  treatments	  overlap?	  	  	  
To	  answer	  this	  question,	  this	  study	  tested	  ten	  different	  genes	  for	  requirement	  in	  either	  DR	  or	  
hormesis	  and	  four	  genes	  involved	  in	  mitochondrial	  function	  (Figure	  1).	  	  Of	  these	  genes,	  five	  have	  been	  
implicated	  by	  researchers	  to	  be	  required	  for	  some	  forms	  of	  DR	  (aak-­‐2,	  skn-­‐1,	  pha-­‐4,	  let-­‐363,	  sir-­‐2.1)	  
(Greer	  and	  Brunet,	  2009),	  two	  have	  been	  shown	  to	  be	  required	  for	  heat-­‐	  induced-­‐	  hormesis,	  as	  
measured	  by	  life-­‐extension	  (daf-­‐12	  and	  daf-­‐18)	  (Cypser	  et	  al,	  2006),	  and	  one	  gene,	  daf-­‐16,	  has	  been	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implicated	  in	  both	  hormesis	  and	  DR	  (Greer	  and	  Brunet,	  2009;	  Cypser	  et	  al,	  2006).	  	  In	  addition,	  because	  
at	  least	  one	  mitochondrial	  gene,	  clk-­‐1,	  has	  been	  implicated	  in	  some	  forms	  of	  DR,	  this	  study	  tested	  a	  
mitochondrial	  mutant	  (clk-­‐1)	  and	  mitochondrial	  RNAi	  of	  cco-­‐1,	  B0261.4,	  and	  D2030.4	  for	  requirement	  in	  
hormesis.	  	  Many	  researchers	  point	  to	  hormesis	  stimulated	  by	  reactive	  oxygen	  species	  in	  response	  to	  DR	  
(“mitohormesis”;	  see	  above)	  as	  a	  possible	  mechanism	  behind	  DR,	  and	  these	  genes	  were	  chosen	  to	  
explore	  this	  theory	  of	  life-­‐	  extension.	  	  Finally,	  this	  thesis	  tested	  the	  eat-­‐2	  mutant,	  which	  has	  a	  slow	  
pharyngeal	  pumping	  rate	  and	  thus	  mimics	  DR,	  for	  response	  to	  heat-­‐	  induced	  hormesis.	  	  This	  test	  was	  
designed	  to	  establish	  additive	  or	  non-­‐additive	  effects	  of	  hormesis	  and	  DR	  combined	  treatment	  and	  
further	  establishes	  the	  degree	  of	  overlap	  between	  these	  two	  phenomena.	  
The	  results	  of	  this	  study	  indicate	  that	  heat	  hormesis	  and	  eat-­‐2	  mutant	  DR	  have	  additive	  effects	  
on	  the	  stress	  resistance	  of	  the	  animal,	  suggesting	  that	  hormesis	  and	  DR	  induce	  at	  least	  partially	  different	  
stress	  response	  pathways.	  	  Additionally,	  no	  genes	  shown	  by	  previous	  researchers	  to	  be	  required	  for	  DR	  
were	  unequivocally	  required	  for	  heat-­‐	  induced	  hormesis.	  These	  results	  indicate	  little	  overlap	  between	  
hormesis	  and	  DR	  either	  in	  nutrient	  responsive	  pathways	  or	  in	  stress	  response	  pathways.	  	  Out	  of	  the	  
three	  genes	  tested	  for	  requirement	  in	  DR,	  daf-­‐16	  and	  daf-­‐18	  demonstrated	  partial	  requirement	  in	  this	  
form	  of	  DR,	  while	  daf-­‐12	  was	  not	  required	  for	  DR.	  	  These	  results	  suggest	  a	  role	  of	  the	  insulin	  signaling	  
pathway	  in	  both	  DR	  and	  heat-­‐induced	  hormesis.	  	  Finally,	  while	  this	  study	  was	  unable	  to	  evaluate	  the	  
requirement	  of	  mitochondrial	  genes	  beyond	  clk-­‐1	  in	  DR,	  it	  did	  find	  one	  mitochondrial	  gene	  that	  may	  be	  
required	  for	  heat-­‐induced	  hormesis	  (B0261.4).	  	  Of	  the	  four	  mitochondrial	  genes	  tested,	  two	  genes	  were	  
not	  required	  for	  this	  form	  of	  hormesis	  (D2030.4	  and	  clk-­‐1),	  and	  the	  degree	  of	  requirement	  of	  one	  gene	  is	  
somewhat	  inconclusive	  (cco-­‐1).	  	  The	  gene	  found	  to	  be	  required	  for	  heat-­‐induced	  hormesis	  is	  a	  
mitochondrial	  ribosomal	  gene	  involved	  in	  translation	  of	  genes	  coded	  for	  by	  the	  mitochondrial	  genome,	  
while	  the	  three	  genes	  found	  to	  be	  not	  required	  or	  inconclusive	  all	  have	  functions	  in	  the	  electron	  
transport	  chain.	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Overall,	  the	  results	  of	  this	  study	  suggest	  little	  overlap	  between	  DR	  and	  heat-­‐induced	  hormesis.	  	  	  
Instead,	  these	  results	  indicate	  two	  separate	  pathways	  each	  designed	  to	  respond	  to	  environmental	  
stimuli	  by	  increasing	  stress	  resistance	  and	  extending	  lifespan.	  	  The	  more	  interesting	  result	  of	  this	  thesis	  
is	  the	  possible	  requirement	  of	  mitochondrial	  ribosomal	  function	  in	  heat-­‐induced	  hormesis	  in	  light	  of	  the	  
dispensability	  of	  the	  electron	  transport	  chain.	  	  Further	  investigation	  into	  the	  role	  of	  various	  
mitochondrial	  ribosomal	  genes	  should	  be	  undertaken	  to	  determine	  the	  extent	  of	  mitochondrial	  protein	  
translation	  in	  heat-­‐induced	  hormesis.	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Genes	  Tested	  for	  Requirement	  in	  Dietary	  Restriction	  or	  Hormesis	  
Gene	   Protein	  	   Functions	   Hormesis*	   Dietary	  
Restriction**	  
Mit	  
Gene	  
aak-­‐2	   AMPK	  subunit	   Energy	  sensing	   	   Yes	   	  
let-­‐363	   TOR	  (target-­‐of-­‐rapamycin)	  
pathway	  kinase	  
Amino	  acid	  and	  nutrient	  
sensing	  
	   Yes	   	  
pha-­‐4	   FoxA	  transcription	  factor	   Development	  of	  foregut,	  
stress	  response,	  glucagon	  
production,	  and	  
gluconeogenisis	  
	   Yes	   	  
sir-­‐2.1	   Sirtuin	  family	  histone	  
deacetylase	  
Removes	  acetyl	  groups	  
thereby	  affecting	  
chromosome	  packing	  
	   Yes	   	  
skn-­‐1	   Nrf2	  transcription	  factor	   Regulates	  stress	  response	  by	  
targeting	  Phase	  II	  
detoxification	  enzymes,	  and	  
influences	  development	  of	  
digestive	  system	  
	   Yes	   	  
daf-­‐16	   FOXO	  transcription	  factor	   Part	  of	  the	  insulin	  signaling	  
pathway,	  activates	  longevity	  
genes	  in	  response	  to	  down-­‐
regulation	  of	  insulin	  signaling	  
pathway,	  dauer	  formation	  
Yes	   Yes	   	  
daf-­‐12	   Nuclear	  receptor	   Part	  of	  the	  insulin	  signaling	  
pathway,	  dauer	  formation	  
Yes	   	   	  
daf-­‐18	   PTEN	  tumor	  suppressor	  
homolog	  
Part	  of	  the	  insulin	  signaling	  
pathway,	  dephosphorylates	  
PIP3,	  dauer	  formation	  
Yes	   	   	  
clk-­‐1	   demethoxyubiquinone	  
mono-­‐oxygenase	  enzyme	  
Ubiquinone	  synthesis,	  which	  
plays	  a	  role	  in	  the	  ETC	  chain	  
and	  is	  a	  component	  of	  
cellular	  membranes.	  Also	  an	  
antioxidant	  
	   Yes	   Yes	  
cco-­‐1	   Subunit	  of	  cytochrome	  c	  
oxidase	  complex	  IV	  of	  the	  
electron	  transport	  chain	  
ATP	  production	  as	  part	  of	  
the	  ETC	  
	   	   Yes	  
B0261.4	   Mitochondrial	  39/S	  
ribosomal	  protein	  L47	  
(also	  MRP-­‐L47)	  
Translation	  of	  proteins	  
coded	  for	  by	  the	  
mitochondrial	  genome	  
	   	   Yes	  
D2030.4	   NADH-­‐ubiquinone	  
oxidoreductase	  B18	  
subunit	  (NDUFB7)	  of	  
complex	  I	  of	  the	  
mitochondrial	  ETC	  
NADH	  dehydrogenase	  
(ubiquinone)	  activity	  
	   	   Yes	  
	  
Figure	  1.	  Genes	  tested	  in	  this	  thesis	  with	  encoded	  protein,	  general	  functions,	  and	  requirement	  in	  either	  DR	  or	  hormesis.	  	  Genes	  
indicated	  as	  required	  for	  hormesis	  are	  based	  upon	  data	  from	  Cypser	  et	  al	  (2006).	  	  Genes	  indicated	  as	  required	  for	  DR	  are	  based	  
upon	  data	  by	  Greer	  and	  Brunet	  (2009).	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Background	  
Dietary	  Restriction	  
One	  of	  the	  most	  significant	  environmental	  ways	  to	  increase	  lifespan	  in	  an	  organism	  is	  dietary	  
restriction.	  	  Dietary	  restriction,	  or	  underfeeding	  without	  malnutrition,	  was	  shown	  to	  significantly	  
increase	  lifespan	  in	  organisms	  as	  early	  as	  1935	  (McCay	  et	  al,	  1935).	  	  Organisms	  as	  diverse	  as	  rats,	  mice,	  
fish,	  flies,	  and	  nematodes	  show	  extended	  lifespan	  under	  DR	  conditions	  (Heilbronn	  and	  Ravussen,	  2003).	  	  
While	  the	  physiological	  impact	  of	  DR	  is	  widely	  explored,	  the	  mechanisms	  behind	  these	  effects	  are	  still	  
poorly	  understood.	  	  
	   The	  physiological	  impact	  of	  dietary	  restriction	  is	  both	  large	  and	  found	  in	  many	  species.	  	  DR	  is	  
correlated	  with	  a	  long	  set	  of	  phenotypical	  characteristics	  in	  mammals.	  	  Mice	  and	  monkeys	  under	  DR	  
conditions	  have	  lower	  body	  temperatures,	  less	  mass,	  and	  reduced	  visceral	  fat.	  	  Additionally,	  dietary	  
restricted	  mice	  have	  lower	  circulating	  glucose	  levels,	  lower	  insulin	  and	  IGF-­‐1	  levels,	  and	  yet	  greater	  
insulin	  sensitivity	  (Heilbronn	  and	  Ravussen,	  2003).	  DR	  mice	  also	  demonstrate	  lower	  levels	  of	  oxidative	  
stress	  (Sohal,	  1996)	  as	  well	  as	  greater	  immune	  function	  (Weindruch	  et	  al,	  1979).	  	  Even	  the	  nervous	  
system	  is	  subject	  to	  the	  effects	  of	  DR,	  as	  mice	  under	  these	  conditions	  demonstrate	  dampened	  
sympathetic	  nervous	  system	  (SNS)	  function	  (Heilbronn	  et	  al,	  2003).	  Since	  chronically	  elevated	  SNS	  
activity	  can	  lead	  to	  hypertension	  and	  increased	  risk	  of	  atherosclerosis	  (Esler	  and	  Kaye,	  2000),	  lowered	  
SNS	  activity	  might	  beneficially	  lower	  these	  risk	  factors.	  	  Monkeys	  also	  have	  higher	  levels	  of	  
dehydroepiandrosterone	  sulfate,	  which	  may	  be	  a	  biomarker	  for	  longevity	  (Roth	  et	  al,	  2003).	  Another	  
study	  by	  Lee	  et	  al	  (1999)	  tied	  the	  lowered	  metabolic	  rate	  seen	  in	  DR	  subjects	  to	  altered	  gene	  activation	  
that	  results	  in	  greater	  protein	  turnover	  and	  decreased	  macromolecular	  damage.	  	  In	  mouse	  skeletal	  
muscle,	  most	  of	  the	  gene	  profile	  changes	  seen	  in	  aging	  mice	  were	  reduced	  or	  eliminated	  entirely	  by	  a	  
long	  term	  DR	  regimen	  (Lee	  et	  al,	  1999).	  	  	  	  Moreover,	  DR	  inhibited	  changes	  in	  gene	  profiles	  in	  the	  brains	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(Lee	  et	  al,	  2000)	  and	  hearts	  (Lee	  et	  al,	  2002)	  of	  aging	  mice.	  	  Clearly,	  DR	  creates	  an	  organism-­‐	  wide	  
physiological	  response	  that	  results	  in	  significantly	  increased	  lifespan	  and	  stress	  resistance.	  
Although	  researchers	  have	  yet	  to	  establish	  the	  effects	  of	  dietary	  restriction	  on	  human	  lifespan,	  
the	  highly	  conserved	  nature	  of	  DR,	  along	  with	  several	  short-­‐	  term	  human	  studies,	  suggests	  that	  similar	  
results	  would	  be	  seen	  among	  dietary-­‐	  restricted	  humans.	  	  In	  fact,	  during	  a	  two	  year	  experiment	  in	  which	  
human	  volunteers	  were	  locked	  inside	  a	  biosphere	  and	  subjected	  (accidentally)	  to	  dietary	  restricted	  
conditions,	  subjects’	  blood	  pressure,	  weight,	  cholesterol,	  insulin,	  and	  cortisol	  levels	  decreased	  in	  a	  
manner	  similar	  to	  that	  of	  dietary-­‐	  restricted	  monkeys	  in	  other	  experiments	  (Walford	  et	  al,	  2002).	  	  If	  the	  
effects	  of	  DR	  on	  humans	  mimic	  those	  seen	  in	  other	  species,	  the	  potential	  benefits	  to	  human	  lifespan	  and	  
health-­‐span	  could	  be	  huge.	  	  	  	  	  
Dietary	  Restriction	  Protocols	  Use	  Different	  Pathways	  
Researchers	  are	  currently	  attempting	  to	  uncover	  the	  genetics	  behind	  DR	  in	  C.	  elegans.	  	  
Surprisingly,	  different	  laboratory	  methods	  of	  DR	  seem	  to	  require	  different	  genetic	  pathways	  (Greer	  and	  
Brunet,	  2009).	  	  Multiple	  DR	  protocols	  have	  been	  reported	  in	  the	  literature,	  all	  of	  which	  involve	  life-­‐	  
extension	  through	  decreased	  food	  intake,	  yet	  these	  protocols	  vary	  widely	  in	  procedure	  and	  in	  outcome.	  	  
At	  least	  seven	  different	  	  methods	  of	  DR	  have	  been	  used	  to	  extend	  life	  in	  the	  nematode,	  including	  solid	  
or	  liquid	  media,	  E.	  coli	  or	  chemical	  food	  sources	  (i.e.	  axenic	  food	  sources	  in	  which	  there	  is	  no	  microbial	  
food	  source),	  and	  protocol	  implementation	  ranging	  from	  hatching	  to	  day	  four	  of	  adulthood	  (Greer	  and	  
Brunet,	  2009).	  	  Mutations	  of	  the	  eat-­‐2	  gene,	  which	  codes	  for	  a	  subunit	  of	  the	  nicotinic	  acetylcholine	  
receptor	  expressed	  in	  the	  pharyngeal	  muscles	  of	  C.	  elegans,	  also	  produce	  a	  DR	  phenotype	  by	  decreasing	  
the	  pumping	  rate	  of	  the	  pharyngeal	  muscles	  and	  thus	  decreasing	  the	  rate	  at	  which	  the	  animal	  can	  
consume	  food	  (McKay	  et	  al.,	  2004).	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The	  degree	  of	  life	  extension	  resulting	  from	  these	  DR	  procedures	  varies	  greatly.	  	  The	  smallest	  
increase	  in	  lifespan	  is	  seen	  in	  animals	  exposed	  to	  serially	  diluted	  bacteria	  on	  solid	  plates	  beginning	  on	  
the	  fourth	  day	  of	  adulthood	  (18%	  increase),	  while	  the	  greatest	  increase	  is	  displayed	  by	  animals	  exposed	  
to	  axenic	  liquid	  medium	  starting	  in	  the	  last	  larval	  stage	  of	  development	  (150%	  increase).	  Almost	  all	  of	  
these	  techniques	  decrease	  fertility,	  suggesting	  a	  trade-­‐	  off	  between	  lifespan	  and	  reproductive	  potential	  
in	  C.	  elegans	  (Greer	  and	  Brunet,	  2009).	  	  Given	  a	  thorough	  understanding	  of	  the	  high	  degree	  of	  variance	  
in	  both	  technique	  and	  in	  life-­‐	  extension	  capabilities	  among	  differing	  DR	  protocols,	  it	  is	  not	  surprising	  that	  
these	  protocols	  appear	  to	  utilize	  somewhat	  differing	  genetic	  pathways.	  	  
Nutrient	  Responsive	  Pathways	  in	  Dietary	  Restriction	  
	  Although	  different	  methods	  of	  DR	  appear	  to	  use	  different	  pathways,	  a	  general	  role	  of	  nutrient	  
or	  energy	  sensing	  in	  dietary	  restriction	  is	  emerging.	  	  The	  energy-­‐	  level	  sensing	  gene	  aak-­‐2	  is	  required	  for	  
several	  DR	  methods,	  although	  not	  for	  the	  eat-­‐2	  method	  of	  DR	  (Greer	  and	  Brunet,	  2009).	  	  The	  aak-­‐2	  
genes	  codes	  for	  a	  subunit	  of	  the	  AMP-­‐	  activated	  kinase	  (AMPK),	  which	  senses	  low	  levels	  of	  ATP	  in	  the	  
cell.	  	  	  Downstream	  of	  AMPK/aak-­‐2,	  the	  FOXO	  transcription	  factor	  coded	  for	  by	  daf-­‐16,	  is	  also	  required	  
for	  a	  form	  of	  DR	  (Greer	  and	  Brunet,	  2009).	  	  When	  activated	  through	  dephosphorylation,	  the	  FOXO	  
transcription	  factor	  activates	  genes	  involved	  in	  life-­‐	  extension.	  	  Because	  the	  FOXO	  transcription	  factor	  is	  
normally	  deactivated	  by	  the	  insulin-­‐	  signaling	  pathway,	  and	  the	  insulin-­‐	  signaling	  pathway	  is	  responsive	  
to	  food	  consumption,	  the	  involvement	  of	  daf-­‐16	  supports	  the	  notion	  of	  an	  energy-­‐	  sensing	  role	  in	  DR.	  	  
Together	  these	  genes	  indicate	  a	  role	  for	  energy-­‐	  level	  sensing	  in	  DR	  life	  extension,	  with	  low	  energy	  levels	  
triggering	  expression	  of	  life-­‐	  extending	  genes.	  	  	  
	  In	  addition,	  sir-­‐2.1,	  which	  codes	  for	  a	  Sirtuin-­‐	  family	  histone	  deacetylase,	  has	  also	  been	  
implicated	  in	  some	  forms	  of	  DR.	  In	  yeast,	  sir-­‐2.1	  modulates	  chromatin	  silencing	  by	  removing	  acetyl	  
groups	  from	  histones	  and	  thus	  promoting	  chromatin	  packing.	  	  Denser	  chromatin	  packing	  silences	  genes	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in	  the	  affected	  area,	  essentially	  down-­‐regulating	  certain	  genes.	  	  In	  C.	  elegans,	  increased	  expression	  of	  
sir-­‐2.1	  may	  increase	  lifespan	  through	  the	  insulin/IGF-­‐1	  pathway.	  	  Up-­‐regulating	  sir-­‐2.1	  might	  down-­‐	  
regulate	  insulin	  signaling	  upstream	  of	  daf-­‐16	  and	  thereby	  increase	  FOXO	  nuclear	  localization.	  	  Once	  in	  
the	  nucleus,	  FOXO	  can	  activate	  genes	  involved	  in	  stress	  response	  and	  life-­‐	  extension.	  	  	  Because	  the	  
insulin-­‐	  signaling	  pathway	  is	  dependent	  upon	  energy	  levels,	  this	  suggests	  an	  energy	  dependent	  response	  
of	  sir-­‐2.1	  (Tissenbaum	  and	  Guarente,	  2001).	  	  	  
Finally,	  let-­‐363,	  which	  codes	  for	  a	  kinase	  in	  the	  target-­‐of-­‐rapamycin	  (TOR)	  pathway,	  is	  also	  
required	  for	  some	  forms	  of	  DR.	  	  Because	  the	  TOR	  pathway	  is	  involved	  in	  sensing	  amino	  acid	  levels	  (Jia	  et	  
al,	  2004),	  the	  requirement	  of	  this	  gene	  for	  DR	  suggests	  an	  additional	  nutrient-­‐	  sensing	  mechanism	  in	  
dietary	  restriction.	  The	  TOR	  pathway	  functions	  through	  a	  phosphorylation	  cascade	  that	  promotes	  
translation	  and	  ribosome	  production	  in	  response	  to	  high	  nutrient	  or	  growth	  factor	  signaling	  (Barbet	  et	  al,	  
1996).	  	  In	  addition,	  TOR/let-­‐363	  mutants	  shift	  metabolism	  in	  favor	  of	  fat	  accumulation	  in	  response	  to	  
growth	  hormone	  and	  amino	  acid	  level	  signaling	  (Bonawitz	  et	  al,	  2007).	  	  Counter	  to	  the	  ROS	  theory	  of	  
aging,	  there	  is	  some	  evidence	  that	  life-­‐	  extension	  through	  deletion	  of	  the	  TOR	  gene	  actually	  increases	  
mitochondrial	  respiration	  and	  perhaps	  ROS	  production	  (Bonawitz	  et	  al,	  2007),	  suggesting	  that	  oxidative	  
stress-­‐	  induced	  hormesis	  might	  be	  a	  mechanism	  for	  life	  extension	  (see	  “mitohormesis”	  below).	  	  	  
Clearly,	  while	  the	  genetic	  pathways	  behind	  dietary	  restriction	  are	  still	  incomplete,	  and	  the	  
degree	  of	  conservation	  among	  species	  of	  these	  mechanisms	  is	  still	  unclear,	  research	  points	  towards	  a	  
key	  role	  of	  nutrient-­‐	  responsive	  pathways	  in	  the	  longevity	  response.	  Yet	  because	  it	  is	  unclear	  that	  energy	  
levels	  are	  altered	  in	  animals	  exposed	  to	  low	  (hormetic)	  levels	  of	  heat,	  none	  of	  the	  DR	  pathways	  may	  be	  
required	  for	  heat-­‐induced	  hormesis.	  	  Thus	  while	  the	  nutrient-­‐	  sensing	  pathways	  of	  some	  forms	  of	  DR	  
represent	  an	  area	  of	  potential	  study	  in	  hormesis,	  there	  is	  no	  reason	  to	  expect	  complete	  overlap	  
between	  these	  two	  life-­‐extension	  techniques,	  and	  any	  overlap	  would	  be	  of	  particular	  interest.	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Hormesis	  	  
Hormesis	  is	  a	  broad	  description	  of	  a	  two-­‐	  dose	  response	  where	  a	  smaller	  stress	  pretreatment	  
induces	  resistance	  to	  a	  larger	  stress	  challenge	  (Calabrese	  and	  Baldwin,	  2002).	  	  Hormesis	  also	  extends	  
lifespan,	  giving	  weight	  to	  the	  theory	  that	  aging	  is	  related	  to	  an	  organism’s	  ability	  to	  respond	  to	  stress.	  	  
Everyday	  situations	  such	  as	  tanning	  and	  exercise	  are	  thought	  to	  be	  examples	  of	  hormesis.	  	  Hormesis	  has	  
been	  demonstrated	  to	  be	  induced	  by	  radiation,	  UV	  exposure,	  reactive	  oxygen	  species,	  hypoxia,	  toxic	  
chemicals,	  minor	  wounding	  (Calabrese	  and	  Baldwin,	  2002),	  and	  heat	  (Cypser	  et	  al,	  2006).	  	  	  
Although	  the	  genetic	  mechanisms	  behind	  hormesis	  remain	  incomplete,	  and	  it	  is	  possible	  that	  no	  
unified	  mechanism	  exists,	  researchers	  have	  found	  a	  small	  number	  of	  genes	  required	  for	  some	  forms	  of	  
hormesis	  in	  invertebrates.	  	  Among	  those	  genes	  required	  for	  heat-­‐	  induced	  hormesis	  are	  several	  genes	  in	  
the	  insulin-­‐	  signaling	  pathway.	  	  These	  include	  daf-­‐12,	  daf-­‐16,	  and	  daf-­‐18	  (Cypser	  et	  al,	  
2006).	  	  Interestingly,	  age-­‐1,	  another	  gene	  in	  this	  insulin-­‐	  signaling	  pathway	  is	  not	  required	  for	  heat-­‐
induced	  hormesis,	  which	  suggests	  that	  daf-­‐18	  acts	  independently	  of	  daf-­‐16	  to	  increase	  lifespan	  in	  this	  
pathway	  (Cypser	  et	  al,	  2006).	  	  	  
Because	  there	  are	  many	  different	  stresses	  that	  induce	  hormesis,	  many	  researchers	  believe	  that	  
there	  is	  no	  common	  mechanism	  behind	  all	  forms	  of	  this	  phenomenon,	  but	  instead	  a	  general	  
physiological	  response	  to	  stress.	  	  This	  theory	  implies	  that	  each	  stress	  induces	  a	  response	  appropriate	  to	  
the	  original	  insult,	  and	  not	  a	  single	  stress-­‐	  response	  pathway.	  	  While	  this	  possibility	  makes	  the	  study	  of	  
hormesis	  and	  DR	  overlap	  difficult	  (considering	  the	  many	  forms	  of	  hormesis),	  any	  areas	  of	  overlap	  might	  
prove	  especially	  useful	  in	  illuminating	  a	  redundant	  pathway	  to	  target	  for	  life-­‐	  extension.	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Reactive	  Oxygen	  Species	  and	  Mitohormesis:	  The	  Convergence	  of	  Dietary	  Restriction	  and	  Hormesis?	  
While	  some	  researchers	  propose	  that	  the	  increased	  longevity	  of	  DR	  subjects	  is	  attributable	  to	  an	  
overall	  reduction	  in	  reactive	  oxygen	  species	  levels,	  new	  research	  is	  emerging	  that	  indicates	  a	  critical	  role	  
of	  reactive	  oxygen	  species	  generation	  in	  triggering	  the	  longevity	  response.	  	  In	  this	  new	  model	  of	  DR	  life-­‐	  
extension	  (mitohormesis)	  reactive	  oxygen	  species	  are	  actually	  required	  to	  trigger	  a	  hormetic	  response	  to	  
the	  stress	  of	  low-­‐	  caloric	  intake	  (Tapia,	  2006).	  	  Because	  this	  new	  mechanistic	  theory	  neatly	  interrelates	  
dietary	  restriction	  and	  hormesis,	  it	  is	  of	  key	  interest	  to	  this	  thesis.	  
Reactive	  oxygen	  species	  (ROS)	  are	  free	  radicals	  (produced	  in	  the	  mitochondria	  as	  a	  byproduct	  of	  
normal	  oxidative	  phosphorylation)	  that	  react	  with	  cellular	  proteins,	  lipids,	  and	  nucleotides	  and	  lead	  to	  
cell	  damage.	  	  Indeed,	  around	  2-­‐5%	  of	  consumed	  oxygen	  generates	  reactive	  oxygen	  species	  (Heilbronn	  
and	  Ravussin,	  2003).	  	  In	  support	  of	  this	  theory,	  DR	  is	  correlated	  with	  reduced	  oxidative	  stress	  (oxidative	  
damage)	  in	  some	  studies	  (Sohal	  and	  Weindruch,	  1996).	  	  Yet	  the	  evidence	  for	  the	  role	  of	  ROS	  in	  DR	  is	  
somewhat	  contradictory.	  	  Conceptually,	  a	  lower	  metabolic	  rate	  would	  mean	  lower	  oxygen	  intake	  for	  
oxidative	  phosphorylation,	  which	  would	  thus	  generate	  fewer	  damaging	  ROS.	  	  Although	  this	  theory	  of	  DR	  
was	  widely	  accepted	  for	  many	  years,	  researchers	  have	  recently	  proposed	  an	  opposing	  view	  of	  the	  role	  of	  
ROS	  production	  in	  dietary	  restriction.	  	  New	  research	  is	  emerging	  that	  indicates	  a	  beneficial	  role	  of	  ROS	  
production	  in	  the	  mitochondria	  as	  a	  trigger	  of	  hormesis	  and	  increased	  stress	  response	  (Tapia,	  2006).	  	  
This	  research	  suggests	  that	  ROS	  production	  is	  initially	  required	  for	  a	  physiological	  response	  that	  
subsequently	  reduces	  ROS	  levels	  in	  the	  organism	  through	  increased	  ROS	  scavenging	  and	  stress-­‐	  
response	  overcompensation.	  	  Thus	  DR	  and	  hormesis	  might	  be	  intricately	  intertwined	  in	  mitochondrial	  
genes	  that	  influence	  ROS	  production	  as	  well	  as	  in	  the	  stress-­‐	  response	  components	  that	  are	  triggered	  by	  
this	  ROS	  production.	  	  
Honors	  Thesis	  
Anita	  Lowe,	  2011	  
15	  
	  
In	  support	  of	  the	  mitohormesis	  theory,	  glucose	  metabolism	  impaired	  by	  2-­‐deoxy-­‐D-­‐glucose	  
(DOG)	  treatment	  was	  shown	  to	  increase	  respiration	  and	  ROS	  production	  in	  C.	  elegans,	  yet	  concurrently	  
increase	  oxidative-­‐	  stress	  resistance	  and	  longevity	  (Schulz	  et	  al,	  2007).	  	  Also	  in	  accordance	  with	  the	  
mitohormesis	  theory,	  antioxidant	  treatment	  that	  eliminated	  mitochondrial	  ROS	  production	  blocked	  the	  
life-­‐extending	  effects	  of	  DR	  in	  this	  study,	  thus	  suggesting	  that	  ROS	  production	  is	  required	  for	  DR	  (Schulz	  
et	  al,	  2007).	  	  Consistent	  with	  this	  theory,	  long-­‐lived	  isp-­‐1	  mutants,	  which	  have	  a	  partial	  loss	  of	  function	  
of	  a	  component	  of	  the	  electron	  transport	  chain,	  actually	  display	  elevated	  levels	  of	  superoxide,	  which	  are	  
precursors	  to	  ROS.	  	  Yet	  these	  animals	  were	  not	  only	  longer	  lived,	  but	  also	  had	  lower	  levels	  of	  ROS	  overall,	  
suggesting	  that	  superoxide	  production	  promoted	  a	  cellular	  stress	  response	  that	  in	  turn	  reduced	  ROS	  
levels.	  	  Again,	  this	  longevity	  response	  was	  negated	  by	  treatment	  with	  antioxidants,	  which	  indicates	  that	  
superoxide	  production	  was	  required	  for	  the	  longevity	  response	  (Yang	  and	  Hekimi,	  2010).	  	  	  
In	  further	  support	  of	  the	  mitohormesis	  explanation	  of	  DR,	  restricting	  calories	  in	  mice	  has	  been	  
shown	  to	  promote	  mitochondrial	  biogenesis	  (Nisoli	  et	  al,	  2005),	  and	  perhaps	  ROS	  production.	  In	  fact,	  
two	  genes	  shown	  to	  be	  required	  for	  some	  forms	  of	  DR,	  daf-­‐16	  and	  sir-­‐2.1,	  are	  also	  necessary	  for	  life	  
extension	  triggered	  by	  low	  doses	  of	  orally-­‐	  administered	  ROS	  (Heidler	  et	  al,	  2009).	  	  This	  result	  suggests	  
the	  possibility	  that	  the	  mechanism	  of	  these	  two	  genes	  in	  DR	  is	  triggered	  by	  ROS	  generation	  in	  a	  similar	  
fashion	  to	  hormesis.	  Heidler	  et	  al	  (2009)	  also	  found	  increased	  nuclear	  localization	  of	  the	  transcription	  
factor	  DAF-­‐16	  (which	  then	  activates	  stress-­‐response	  genes)	  and	  increased	  levels	  of	  HSP-­‐16.2,	  a	  heat	  
shock	  protein	  composing	  part	  of	  the	  heat-­‐	  stimulated	  stress	  response.	  	  Moreover,	  some	  forms	  of	  dietary	  
restriction	  are	  modulated	  by	  the	  heat-­‐	  shock	  factor	  HSF-­‐1	  (Steinkraus	  et	  al,	  2009),	  suggesting	  a	  general	  
role	  of	  heat-­‐	  stress	  response	  (and	  an	  area	  of	  potential	  overlap)	  in	  life-­‐	  extension	  mechanisms.	  	  Finally,	  
there	  is	  some	  evidence	  that	  life	  extension	  through	  deletion	  of	  the	  TOR	  gene	  actually	  increases	  
mitochondrial	  respiration	  and	  perhaps	  ROS	  production	  (Bonawitz	  et	  al,	  2007).	  Taken	  together,	  these	  
results	  suggest	  that	  DR	  could	  itself	  be	  a	  form	  of	  hormesis	  dependent	  upon	  the	  production	  of	  ROS,	  and	  as	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such	  it	  is	  vital	  to	  test	  the	  additional	  DR	  and	  hormesis	  genes	  that	  might	  demonstrate	  overlap	  between	  
these	  two	  phenomena.	  	  	  
	  
Figure	  2.	  Reactive	  oxygen	  species	  play	  a	  central	  role	  in	  stress	  response	  and	  life	  extension	  in	  many	  life-­‐	  extending	  pathways.	  	  
ROS	  represent	  a	  potentially	  overlapping	  pathway	  between	  DR	  and	  hormesis.	  	  
	  
Mitochondrial	  Mutants	  and	  ROS	  
The	  mitohormesis	  theory	  of	  DR	  places	  a	  large	  emphasis	  on	  the	  mitochondria	  as	  a	  key	  source	  of	  
ROS	  production	  and	  thus	  a	  key	  component	  of	  the	  longevity	  response.	  	  Indeed,	  much	  research	  is	  
currently	  focused	  on	  the	  role	  of	  mitochondria	  in	  ROS	  production,	  stress	  response,	  and	  aging.	  	  
Mitochondrial	  mutants	  (Mit	  mutants)	  in	  C.	  elegans	  enable	  an	  interesting	  investigation	  into	  the	  role	  of	  
mitochondrial	  metabolism	  in	  the	  aging	  process.	  	  There	  are	  approximately	  40	  identified	  Mit	  mutants,	  
including	  clk-­‐1,	  nuo-­‐2,	  cyc-­‐1,	  cco-­‐1,	  and	  atp-­‐3	  (Butler	  et	  al,	  2010),	  that	  increase	  longevity	  in	  C.	  elegans	  
independently	  of	  the	  insulin-­‐	  signaling	  pathway	  (Hansen	  et	  al,	  2010).	  	  Additionally,	  at	  least	  one	  Mit	  
Honors	  Thesis	  
Anita	  Lowe,	  2011	  
17	  
	  
mutant,	  clk-­‐1,	  is	  required	  for	  at	  least	  one	  form	  of	  DR	  (Greer	  and	  Brunet,	  2009).	  	  The	  clk-­‐1	  mutant	  
contains	  a	  knockdown	  of	  a	  gene	  essential	  for	  the	  synthesis	  of	  ubiquinine,	  a	  component	  of	  the	  electron	  
transport	  chain	  of	  the	  mitochondria	  (Greer	  and	  Brunet,	  2009).	  	  Because	  at	  least	  one	  Mit	  mutant	  is	  
required	  for	  DR,	  further	  exploration	  into	  the	  role	  of	  Mit	  mutants	  in	  DR	  is	  warranted,	  especially	  in	  light	  of	  
the	  mitohormesis	  theory	  of	  DR.	  	  	  
Yet	  because	  a	  reduction,	  not	  an	  increase,	  in	  mitochondrial	  function	  increases	  lifespan	  in	  these	  
mutants	  (Lee	  et	  al,	  2003),	  Mit	  mutants	  initially	  appear	  to	  contradict	  the	  mitohormesis	  theory	  of	  DR.	  	  
However,	  in	  support	  of	  the	  mitohormesis	  theory	  in	  Mit	  mutants,	  Yang	  and	  Hekimi	  recently	  found	  that	  
superoxide	  levels	  in	  two	  Mit	  mutants	  (isp-­‐1	  and	  nuo-­‐6)	  are	  actually	  increased.	  	  Because	  superoxide	  is	  an	  
ROS	  generator,	  increased	  levels	  of	  this	  substance	  indicates	  higher	  levels	  of	  ROS	  production	  in	  the	  
mitochondria	  because	  of	  impaired	  mitochondrial	  function	  (Yang	  and	  Hekimi,	  2010).	  	  	  	  	  
Admittedly,	  the	  exact	  mechanisms	  of	  life	  extension	  in	  Mit	  mutants	  are	  still	  ambiguous.	  	  For	  
example,	  whether	  Mit	  mutants	  are	  more	  stress	  resistant	  is	  still	  unclear.	  	  Some	  researchers	  have	  found	  
increased	  ROS	  resistance	  in	  certain	  Mit	  mutants,	  such	  as	  mutants	  of	  the	  iron-­‐	  sulfur	  protein	  of	  complex	  
III	  (isp-­‐1	  mutant;	  Feng	  et	  al,	  2001).	  	  Yet	  clk	  mutants	  show	  no	  increased	  resistance	  to	  oxidative	  stress	  or	  
decrease	  in	  oxidative	  damage	  compared	  to	  wild	  type	  (Van	  Raamsdonk	  et	  al,	  2010),	  and	  overall	  Mit	  
mutants	  display	  differential	  responses	  to	  oxidative	  stressors	  (Lee	  et	  al,	  2003).	  Therefore,	  it	  remains	  
unclear	  whether	  impaired	  electron	  transport	  chain	  function	  actually	  increases	  stress	  resistance	  in	  Mit	  
mutants.	  
In	  addition,	  whether	  or	  not	  Mit	  mutants	  have	  different	  levels	  of	  ATP	  and	  oxygen	  consumption,	  
as	  might	  be	  expected	  with	  impaired	  mitochondrial	  function,	  is	  somewhat	  unclear.	  	  Some	  studies	  have	  
found	  unchanged	  or	  increased	  levels	  of	  ATP	  in	  clk	  mutants	  (Van	  Raamsdonk	  et	  al,	  2010)	  which	  
superficially	  supports	  the	  mitohormesis	  theory	  of	  aging	  because	  an	  increase	  in	  ATP	  production	  might	  be	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associated	  with	  increased	  ROS	  production.	  	  Yet	  other	  studies	  have	  found	  evidence	  of	  lower	  ATP	  levels	  in	  
Mit	  mutants	  which	  might	  be	  associated	  with	  a	  reduced	  mitochondrial	  function	  (Dillin	  et	  al,	  2002).	  	  
Regardless,	  it	  is	  unclear	  whether	  the	  levels	  of	  ATP	  production	  in	  the	  mitochondria	  are	  actually	  correlated	  
with	  levels	  of	  ROS	  production	  and	  thus	  unclear	  how	  ATP	  production	  might	  affect	  ROS	  production.	  	  
Because	  longevity	  in	  Mit	  mutants	  cannot	  be	  fully	  explained	  by	  a	  reduction	  in	  ROS	  production,	  
researchers	  have	  developed	  alternative	  theories	  to	  explain	  this	  phenomenon.	  	  One	  idea	  is	  that	  the	  
altered	  metabolic	  state	  of	  the	  nematode	  may	  be	  responsible	  for	  increased	  lifespan	  (Butler	  et	  al,	  2010).	  	  
In	  addition	  to	  increasing	  lifespan,	  inhibition	  of	  the	  respiratory	  chain	  reduces	  body	  size	  and	  slows	  
behavioral	  rates,	  physical	  movement	  and	  growth	  (Dillin	  et	  al,	  2002),	  thus	  Mit	  mutants	  appear	  to	  have	  a	  
different	  “rate	  of	  living”	  than	  normal	  C.	  elegans.	  	  These	  observations	  have	  led	  researchers	  to	  propose	  
that	  mitochondrial	  mutants	  may	  use	  an	  alternate	  metabolic	  pathway	  to	  obtain	  energy	  (Butler	  et	  al,	  
2010).	  	  In	  other	  words,	  by	  using	  a	  metabolic	  pathway	  for	  energy	  production	  other	  than	  oxidative	  
phosphorylation,	  these	  organisms	  might	  activate	  a	  metabolic	  state	  that	  promotes	  longevity.	  	  While	  as	  of	  
yet	  this	  process	  is	  still	  little	  understood,	  new	  investigation	  into	  the	  exometabolism	  (the	  study	  of	  the	  
external	  byproducts	  of	  internal	  metabolism)	  of	  the	  nematode	  indicates	  that	  long-­‐lived	  Mit	  mutants	  do	  
indeed	  have	  a	  different	  metabolic	  profile	  than	  their	  wild	  type	  (N2)	  counterparts	  (Butler	  et	  al,	  2010).	  	  It	  
might	  prove	  interesting	  to	  explore	  the	  degree	  of	  relation	  between	  this	  altered	  metabolic	  state,	  the	  
altered	  metabolic	  state	  obtained	  through	  dietary	  restriction,	  and	  ROS	  production	  in	  the	  mitochondria.	  	  	  
Because	  the	  mitochondria	  have	  long	  been	  a	  focal	  point	  for	  research	  on	  aging	  and	  longevity,	  and	  
since	  at	  least	  one	  Mit	  gene	  (clk-­‐1)	  is	  involved	  in	  some	  forms	  of	  dietary	  restriction,	  further	  exploration	  
into	  the	  role	  of	  Mit	  genes	  in	  DR	  and	  in	  heat-­‐hormesis	  is	  reasonable.	  	  Further	  insight	  into	  the	  function	  of	  
the	  mitochondria	  in	  stress	  resistance	  could	  help	  characterize	  the	  role	  of	  the	  mitochondrial	  in	  aging.	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ROS-­‐	  Triggered	  Stress	  Response	  
One	  of	  the	  key	  ideas	  behind	  the	  mitohormesis	  theory	  is	  that	  the	  organism	  responds	  to	  ROS	  
signals	  in	  the	  mitochondria	  by	  increasing	  ROS	  scavenging	  and	  stress-­‐	  response	  factors	  in	  a	  hormetic	  
fashion	  (Ristow	  and	  Zarse,	  2010).	  	  Interestingly,	  several	  components	  of	  the	  stress	  response	  in	  C.	  elegans	  
are	  required	  for	  life-­‐	  extension	  by	  at	  least	  one	  DR	  technique.	  	  This	  result	  indicates	  that	  an	  up-­‐regulated	  
stress	  response	  is	  at	  least	  partially	  responsible	  for	  DR	  life-­‐	  extension	  (Figure	  2).	  	  	  
The	  stress-­‐	  response	  components	  required	  for	  DR	  include	  the	  Nrf2	  transcription	  factor	  coded	  for	  
by	  skn-­‐1,	  the	  FoxA	  transcription	  factor	  coded	  for	  by	  pha-­‐4,	  and	  the	  heat	  shock	  factor	  coded	  for	  by	  hsf-­‐1	  
(Greer	  and	  Brunet,	  2009).	  In	  keeping	  with	  the	  mitohormesis	  theory,	  SKN-­‐1	  localizes	  in	  the	  nuclei	  of	  
intestinal	  cells	  in	  response	  to	  oxidative	  stress	  and	  helps	  regulate	  the	  stress	  response	  by	  promoting	  
expression	  of	  Phase	  II	  detoxification	  enzymes	  (Hyung	  and	  Blackwell,	  2003).	  	  The	  FoxA	  transcription	  
factor	  coded	  for	  by	  pha-­‐4	  plays	  a	  role	  both	  in	  development	  and	  in	  glucagon	  production	  and	  
gluconeogenisis	  in	  response	  to	  fasting	  (Panowski	  et	  al,	  2007),	  and	  is	  also	  involved	  in	  inducing	  apoptosis	  
in	  response	  to	  oxidative	  stress	  in	  human	  pneumocytes	  (Song	  et	  al,	  2008).	  	  HSF-­‐1	  is	  a	  heat	  shock	  factor	  
that	  is	  required	  for	  the	  stress	  response	  induced	  by	  heat	  hormesis,	  and	  is	  also	  responsive	  to	  other	  
stressors	  including	  inflammation,	  exercise	  (Santoro,	  2000),	  and	  dietary	  restriction	  (Hsu	  et	  al,	  2003).	  	  HSF-­‐
1	  activates	  expression	  of	  heat	  shock	  proteins,	  which	  facilitate	  protein	  folding	  (Walter	  and	  Buchner,	  2002)	  
and	  thus	  indirectly	  contribute	  to	  proper	  protein	  function	  in	  the	  face	  of	  stress.	  	  Significantly,	  at	  least	  one	  
heat	  shock	  protein,	  HSP-­‐16.2,	  is	  up-­‐regulated	  in	  response	  to	  reactive	  oxygen	  species	  (Hartwig	  et	  al,	  
2009),	  which	  suggests	  another	  overlap	  between	  DR,	  ROS	  production,	  and	  the	  stress	  response	  through	  
heat	  shock	  proteins.	  	  	  
The	  requirement	  of	  these	  stress-­‐	  response	  factors	  for	  dietary	  restriction	  points	  towards	  a	  key	  
role	  of	  stress	  resistance	  in	  long-­‐	  lived	  DR	  animals.	  	  Because	  hormesis	  is	  also	  a	  stress	  response	  by	  
Honors	  Thesis	  
Anita	  Lowe,	  2011	  
20	  
	  
definition,	  genes	  involved	  in	  this	  pathway	  are	  likely	  candidates	  for	  overlap	  between	  the	  two	  life-­‐	  
extension	  protocols.	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  3.	  Many	  genes	  required	  for	  DR	  are	  involved	  in	  stress	  response.	  	  These	  genes	  might	  be	  activated	  by	  ROS	  signaling	  
molecules	  (see	  Figure	  2).	  
	  
Hormesis	  and	  Reactive	  Oxygen	  Species	  
Similar	  to	  DR,	  many	  studies	  of	  hormesis	  support	  the	  idea	  of	  ROS	  signaling	  as	  a	  basic	  mechanism	  
behind	  hormesis.	  	  In	  such	  a	  model,	  reactive	  oxygen	  species	  serve	  as	  signaling	  molecules	  that	  produce	  an	  
over-­‐adaptive	  response	  in	  many	  forms	  of	  hormesis.	  	  In	  support	  of	  this	  theory,	  ROS	  themselves	  have	  
been	  shown	  to	  act	  in	  a	  hormetic	  role	  which	  triggers	  the	  activation	  of	  heat	  shock	  proteins	  (Hartwig	  et	  al.,	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2009).	  	  Moreover,	  extended	  lifespan	  induced	  by	  mild	  hypoxia	  elevates	  HIF-­‐1	  (hypoxia	  inducible	  factor)	  
levels	  in	  response	  to	  elevated	  ROS	  levels	  (Lee	  et	  al,	  2010).	  	  Exercise,	  considered	  another	  form	  of	  
hormesis,	  also	  increases	  both	  ROS	  levels	  (Davies	  et	  al,	  2002)	  and	  antioxidant	  levels	  in	  response	  to	  these	  
increased	  ROS	  levels	  (Powers	  and	  Jackson,	  2008).	  	  Interestingly,	  a	  study	  by	  Gomez-­‐Cabrera	  et	  al	  found	  
that	  in	  rats,	  the	  antioxidant	  vitamin	  C	  prevents	  the	  increased	  endurance	  capacity	  associated	  with	  
endurance	  training.	  	  Moreover,	  vitamin	  C	  prevented	  ROS-­‐	  stimulated	  mitochondrial	  biogenesis	  and	  
blocked	  an	  increase	  in	  antioxidant	  enzymes	  (manganese	  superoxide	  dismutase	  and	  glutathione	  
peroxidase)	  associated	  with	  exercise	  training	  compared	  to	  the	  control	  group	  (Gomez-­‐Cabrera	  et	  al,	  
2008).	  	  These	  studies	  increase	  the	  body	  of	  evidence	  that	  reactive	  oxygen	  species	  play	  a	  crucial	  role	  in	  
triggering	  the	  stress	  response	  that	  increases	  stress	  resistance	  and	  longevity	  in	  hormetically	  treated	  
animals.	  	  
As	  previously	  mentioned,	  the	  heat	  shock	  response	  represents	  an	  area	  of	  possible	  overlap	  
between	  DR,	  hormesis,	  and	  ROS	  production.	  	  In	  C.	  elegans,	  small	  doses	  of	  the	  ROS	  generator	  juglone	  
were	  shown	  to	  increase	  lifespan	  while	  large	  doses	  limited	  lifespan.	  	  Interestingly,	  increased	  lifespan	  at	  
low	  ROS	  levels	  was	  not	  only	  associated	  with	  nuclear	  localization	  of	  DAF-­‐16,	  but	  also	  with	  elevated	  HSP-­‐
16.2	  expression	  (Hartwig	  et	  al,	  2009).	  	  In	  fact,	  HSP-­‐16.2	  is	  correlated	  with	  elevated	  non-­‐heat	  stress	  levels	  
as	  well,	  and	  HSP-­‐16.2	  overproduction	  promotes	  longevity	  (Garigan	  et	  al,	  2002),	  indicating	  a	  vital	  role	  for	  
heat	  shock	  proteins	  in	  the	  stress	  response.	  	  Given	  their	  central	  role	  in	  stress	  response,	  the	  result	  that	  
HSP-­‐16.2	  might	  be	  induced	  by	  ROS	  generation	  further	  supports	  the	  key	  signaling	  role	  of	  ROS	  in	  hormesis.	  	  
Moreover,	  recent	  research	  indicates	  that	  the	  transcription	  factor	  DAF-­‐16	  plays	  a	  large	  role	  in	  the	  stress	  
response	  triggered	  by	  reactive	  oxidative	  species,	  and	  that	  heat	  shock	  proteins	  are	  a	  key	  target	  of	  DAF-­‐16	  
(Hsu	  et	  al,	  2003).	  	  Because	  DAF-­‐16	  was	  required	  for	  these	  elevated	  HSP-­‐16.2	  levels	  (Hartwig	  et	  al,	  2009),	  
ROS	  might	  stimulate	  DAF-­‐16	  which	  then	  activates	  a	  stress	  response.	  	  Regardless	  of	  the	  exact	  mechanism,	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ROS	  seem	  to	  play	  a	  central	  role	  in	  triggering	  the	  physiological	  events	  that	  occur	  in	  response	  to	  hormetic	  
conditions.	  	  	  
Clearly,	  reactive	  oxygen	  species	  may	  play	  a	  critical	  role	  in	  cell	  signaling	  in	  response	  to	  increased	  
stress	  levels.	  	  Because	  ROS	  stress	  is	  caused	  by	  both	  dietary	  restriction	  and	  by	  hormesis,	  the	  resultant	  
increase	  in	  stress	  resistance	  and	  lifespan	  might	  be	  due	  to	  the	  same	  underlying	  mechanism.	  	  Thus	  the	  
mitohormesis	  theory	  of	  dietary	  restriction	  and	  the	  central	  role	  of	  ROS	  in	  hormesis	  point	  towards	  a	  
potential	  overlapping	  mechanism	  behind	  both	  life-­‐	  extending	  treatments.	  	  Yet	  there	  might	  be	  other	  
overlapping	  mechanisms	  between	  DR	  and	  hormesis	  that	  also	  warrant	  studying,	  including	  the	  nutrient-­‐	  
responsive	  genes	  (aak-­‐2,	  let-­‐363)	  required	  for	  some	  DR	  forms	  or	  the	  insulin-­‐	  signaling	  pathway	  
components	  required	  for	  hormesis.	  	  If	  the	  genetic	  pathways	  of	  these	  treatments	  do	  overlap,	  then	  this	  
will	  lead	  to	  a	  much	  clearer	  understanding	  of	  how	  these	  treatments	  extend	  life	  and	  thus	  better	  enable	  
researchers	  to	  translate	  these	  phenomena	  into	  meaningful	  life-­‐extension	  treatments.	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Materials	  and	  Methods	  
Mutant	  Strains	  
Mutated	  strains	  were	  obtained	  from	  frozen	  stocks	  in	  the	  Johnson	  lab.	  	  Only	  one	  strain,	  NS3227	  
mutant	  for	  daf-­‐18,	  was	  a	  null	  mutant.	  	  All	  strains	  were	  thawed	  at	  20º	  C	  on	  NGM	  plates	  spread	  with	  RW2	  
E.	  coli.	  
Strain	   Mutated	  Gene	   Mutated	  Allele	  
N2	   none	  (wild	  type)	   	  
TJ1103	   daf-­‐12	   m25	  
NS3227	   daf-­‐18	   nr2037	  (null	  mutant)	  
LG100	   sir-­‐2.1	   geln3	  
CB4876	   clk-­‐1	   	   e2519	  
DA465	   eat-­‐2	   AD465	  
Figure	  4.	  	  Mutant	  strains	  used	  for	  thermoloterance	  experiments	  with	  mutated	  gene	  and	  allele.	  
	  
RNA	  Interference	  (RNAi)	  
When	  mutants	  for	  the	  desired	  gene	  were	  not	  available,	  RNAi	  was	  used	  instead.	  	  RNAi	  was	  used	  
for	  daf-­‐16,	  pha-­‐4,	  aak-­‐2,	  let-­‐363,	  skn-­‐1,	  cco-­‐1	  and	  D2030.4,	  and	  B0261.4	  (for	  a	  list	  of	  gene	  functions	  see	  
Figure	  1.)	  	  RNAi	  plasmid	  sequences	  were	  verified	  by	  others	  for	  correctness	  at	  the	  Molecular	  Cellular	  and	  
Development	  Biology	  Department	  at	  the	  University	  of	  Colorado.	  	  Wild	  type	  (N2)	  animals	  were	  
maintained	  on	  the	  desired	  RNAi	  	  beginning	  at	  hatching,	  and	  empty	  vector	  (EV)	  RNAi	  was	  used	  as	  a	  
control	  for	  RNAi	  during	  thermotolerance	  tests.	  
	  
Population	  Staging	  
Populations	  of	  each	  mutant	  worm	  strain	  (Figure	  4)	  were	  raised	  on	  NGM	  plates	  spotted	  with	  
OP50	  bacteria	  at	  a	  concentration	  of	  1x10⁹	  cells	  per	  ml.	  	  Once	  a	  sufficient	  number	  of	  eggs	  had	  been	  laid,	  
a	  hypochlorite	  prep	  was	  performed	  to	  eliminate	  contamination	  and	  stage	  the	  animals	  at	  the	  same	  age.	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Because	  eat-­‐2	  animals	  have	  a	  slower	  rate	  of	  development	  than	  wild	  type	  C.	  elegans,	  eat-­‐2	  mutants	  were	  
hypochlorite	  prepped	  24	  hours	  prior	  to	  N2	  animals	  to	  ensure	  that	  all	  animals	  underwent	  heat	  shock	  and	  
thermotolerance	  testing	  on	  the	  first	  day	  of	  adulthood.	  	  The	  resulting	  eggs	  from	  each	  hypochlorite	  
preparation	  were	  maintained	  on	  OP50	  NGM	  plates	  for	  mutant	  strains	  or	  the	  appropriate	  RNAi	  plates	  for	  
N2	  animals.	  	  All	  nematodes	  were	  maintained	  at	  20	  ºC.	  	  	  	  
	  
Heat	  Shock	  
Pre-­‐treated	  groups	  were	  heat	  shocked	  on	  10	  ml	  solid	  NGM	  plates	  at	  35	  ºC	  for	  one	  hour	  on	  the	  
first	  day	  of	  adulthood.	  	  After	  one	  hour,	  animals	  were	  removed	  from	  heat	  and	  allowed	  to	  recover	  for	  24	  
hours	  at	  20	  ºC	  until	  the	  thermotolerance	  test.	  	  Naïve	  animals	  were	  not	  heat	  shocked	  and	  instead	  
remained	  at	  20	  ºC	  until	  the	  thermotolerance	  test.	  	  	  
	  
Dietary	  Restriction	  Protocol	  
Pre-­‐treated	  groups	  were	  removed	  from	  food	  and	  placed	  on	  unspread	  NGM	  plates	  on	  the	  first	  
day	  of	  adulthood	  and	  24	  hours	  prior	  to	  thermotolerance.	  	  Animals	  remained	  starved	  during	  the	  entire	  
thermotolerance	  test.	  	  Naïve	  animals	  were	  maintained	  ad	  lib	  on	  1x10⁹	  cells/ml	  bacterial	  plates	  
throughout	  their	  entire	  lifespan.	  
	  
Thermotolerance	  Test	  
For	  each	  experiment,	  all	  groups	  (pre-­‐treated	  and	  naïve)	  were	  placed	  in	  either	  34	  ºC	  or	  35	  ºC	  heat	  
(depending	  on	  the	  experiment)	  24	  hours	  after	  pre-­‐treatment.	  	  Groups	  were	  scored	  every	  two	  hours	  until	  
fifty-­‐percent	  die	  off,	  at	  which	  point	  groups	  were	  scored	  every	  hour	  until	  complete	  die-­‐	  off	  or	  at	  least	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80%	  die	  off*.	  	  	  	  Animals	  were	  scored	  as	  alive,	  dead,	  or	  censored	  (bagged	  or	  exploded	  vulva),	  and	  dead	  
animals	  were	  removed	  from	  the	  plate	  at	  the	  time	  of	  death.	  	  Animals	  were	  scored	  as	  dead	  if	  they	  failed	  
to	  respond	  to	  repeated	  prodding	  with	  a	  platinum	  pick.	  	  A	  total	  of	  six	  separate	  thermotolerance	  tests	  
were	  performed	  to	  encompass	  all	  experiments	  and	  experiment	  repetitions	  (see	  results	  section).	  
*The	  caloric	  restriction	  experiment	  testing	  daf-­‐16,	  daf-­‐12,	  and	  daf-­‐18	  did	  not	  reach	  80%	  die-­‐	  off	  due	  to	  
extremely	  thermo-­‐tolerant	  animals.	  	  Results	  are	  still	  statistically	  significant.	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Results	  
Additive	  Effects	  of	  Dietary	  Restriction	  and	  Hormesis	  
	  
Group	   Mean	  (Hours)	  ±	  Standard	  Deviation	   P-­‐	  Value	  
N2	  Naïve	  
N2	  Pretreated	  
7.58	  ±	  1.167409	  
9.98	  ±	  2.28336	  
	  
p	  =	  .00001	  
eat-­‐2	  Naïve	  
eat-­‐2	  Pretreated	  
8.16	  ±	  1.18013	  
8.81	  ±	  1.277196	  
 
p = .01388	  
Figure	  6.	  Mean,	  standard	  deviation,	  and	  p-­‐	  value	  for	  all	  groups	  in	  additive	  experiment.	  
Heat	  hormesis	  and	  eat-­‐2	  mutant	  DR	  have	  additive	  effects	  on	  the	  stress	  resistance	  of	  the	  animal,	  
suggesting	  that	  hormesis	  and	  DR	  induce	  at	  least	  partially	  different	  stress-­‐	  response	  pathways.	  	  Mean	  
survival	  time	  in	  lethal	  heat	  of	  eat-­‐2	  mutants,	  which	  inherently	  mimic	  DR	  conditions,	  was	  significantly	  
increased	  by	  a	  one	  hour	  hormetic	  heat	  pretreatment	  (Figure	  5).	  	  Although	  this	  increase	  in	  survival	  
among	  eat-­‐2	  mutants	  exposed	  to	  hormesis	  was	  statistically	  significant,	  it	  was	  of	  lesser	  extent	  than	  the	  
increase	  in	  survival	  of	  pretreated	  wild-­‐	  type	  animals	  (Figure	  7).	  	  This	  result	  suggests	  that	  hormetic	  pre-­‐
treatement	  was	  more	  effective	  among	  wild	  type	  (N2)	  animals.	  	  Together,	  these	  results	  suggest	  that	  the	  
stress-­‐	  response	  pathway	  induced	  by	  eat-­‐2	  DR	  is	  at	  least	  partially	  different	  from	  the	  stress-­‐	  resistance	  
pathway	  induced	  by	  heat	  hormesis.	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Figure	  5.	  Mean	  survival	  length	  in	  
lethal	  heat.	  	  Eat-­‐2	  mutants	  respond	  to	  
heat	  hormesis,	  though	  to	  a	  lesser	  
degree	  than	  wild	  type	  animals.	  	  Eat-­‐2	  
naïve	  mutants	  were	  heat	  resistant.	  
Groups	  indicated	  with	  a	  bar	  are	  
significantly	  different	  (p	  <	  .05).	  Naïve	  
indicates	  no	  hormetic	  heat	  
pretreatment,	  while	  all	  groups	  labeled	  
pretreated	  	  were	  subjected	  to	  a	  1	  hr	  
heat	  treatment	  at	  35	  ºC	  24	  hours	  prior	  
to	  thermotolerance.	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Figure	  7.	  Dietary	  restriction	  by	  eat-­‐2	  mutation	  and	  heat-­‐induced	  hormesis	  have	  additive	  effects	  on	  
lifespan.	  	  Untreated	  eat-­‐2	  mutants	  are	  more	  stress	  resistant	  than	  wild	  type	  N2	  animals,	  however,	  wild-­‐	  
type	  animals	  responded	  better	  than	  eat-­‐2	  mutants	  to	  heat-­‐	  induced	  hormesis.	  	  N2	  naïve	  and	  N2	  heat-­‐	  
pretreated,	  eat-­‐2	  naïve	  and	  eat-­‐2	  heat-­‐	  pretreated,	  eat-­‐2	  naïve	  and	  N2	  naïve,	  eat-­‐2	  heat-­‐	  pretreated	  and	  
N2	  heat-­‐	  pretreated	  are	  all	  significantly	  different	  p < 0.05.	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  Dietary	  Restriction	  Genes	  Tested	  for	  Requirement	  in	  Hormesis	  
No	  genes	  shown	  by	  previous	  researchers	  to	  be	  required	  for	  DR	  were	  unequivocally	  required	  for	  
heat-­‐	  induced	  hormesis	  (Figures	  8	  and	  9).	  	  Although	  aak-­‐2	  appeared	  to	  be	  required	  for	  heat-­‐induced	  
hormesis	  in	  the	  first	  trial	  (Figure	  10),	  this	  result	  was	  not	  replicated	  by	  the	  second	  trial	  (Figure	  11).	  	  
Additionally,	  while	  skn-­‐1	  appeared	  to	  be	  partially	  required	  for	  heat	  hormesis	  during	  the	  first	  trial	  (Figure	  
14),	  this	  result	  was	  also	  not	  replicated	  in	  the	  second	  trial	  (Figure	  15).	  	  Let-­‐363,	  sir-­‐2.1,	  and	  pha-­‐4	  	  are	  not	  
required	  for	  heat	  hormesis	  (Figures	  12,	  13,	  and	  16	  respectively).	  	  These	  results	  indicate	  little	  overlap	  
between	  hormesis	  and	  DR	  either	  in	  nutrient-­‐	  responsive	  or	  stress-­‐	  response	  pathways.	  	  
Group	   Mean	  (Hours)	  ±	  Standard	  Deviation	  
	  
P-­‐	  Value	  
aak-­‐2	  Naïve	  T1	  
aak-­‐2	  Pretreated	  T1	  
16.9	  ±	  3.477686	  
17.2	  ±	  3.493005	  
 
p = .42465	  
aak-­‐2	  Naïve	  T2	  
aak-­‐2	  Pretreated	  T2	  
15.85	  ±	  4.566892	  
18.57	  ±	  6.385334	  
 
p = .00009	  
skn-­‐1	  Naïve	  T1	  
skn-­‐1	  Pretreated	  T1	  
14.12	  ±	  3.881514	  
15.77	  ±	  3.910052	  
 
p = .01741	  
skn-­‐1	  Naïve	  T2	  
skn-­‐1	  Pretreated	  T2	  
14.71	  ±	  2.419195	  
17.17	  ±	  3.631584	  
 
p = .00001	  
pha-­‐4	  Naïve	  T1	  
pha-­‐4	  Pretreated	  T1	  
15.59	  ±	  2.454695	  
16.14	  ±	  2.454695	  
 
p = .01191	  
pha-­‐4	  Naïve	  T2	  
pha-­‐4	  Pretreated	  T2	  
11.07	  ±	  2.15744	  
16.79	  ±	  3.590229	  
 
p = .00001	  
sir-­‐2.1	  Naïve	  
sir-­‐2.1	  Pretreated	  
11.09	  ±	  2.009158	  
17.09	  ±	  2.640656	  
 
p = .00001	  
let-­‐363	  Naïve	  
let-­‐363	  Pretreated	  
12.0	  ±	  2.12434	  
18.21	  ±	  3.082656	  
 
p = .00001 
clk-­‐1	  Naïve	  
clk-­‐1	  Pretreated	  
13.35	  ±	  1.974742	  
15.63	  ±	  2.994417	  
 
p = .00001 
EV	  Naïve	  
EV	  Pretreated	  
13.27	  ±	  2.399	  
16.1	  ±	  3.63187	  
 
p = .00013	  
Figure	  8.	  Mean,	  standard	  deviation,	  and	  p-­‐values	  for	  genes	  tested	  for	  requirement	  in	  hormesis.	  	  The	  
only	  gene	  that	  was	  not	  statistically	  different	  from	  the	  naïve	  group	  was	  the	  first	  trial	  of	  aak-­‐2.	  	  Groups	  
labeled	  T1	  underwent	  thermotolerance	  at	  34	  ºC,	  while	  groups	  labeled	  T2	  underwent	  thermotolerance	  at	  
35	  ºC.	  	  Naïve	  indicates	  no	  hormetic	  heat	  pretreatment,	  while	  all	  groups	  labeled	  pretreated	  	  were	  
subjected	  to	  a	  1	  hr	  heat	  treatment	  at	  35	  ºC	  24	  hours	  prior	  to	  thermotolerance.	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Figure	  9.	  Mean	  survival	  times	  during	  thermotolerance	  test	  for	  genes	  tested	  for	  requirement	  in	  hormesis.	  	  
Results	  indicate	  no	  requirement	  of	  these	  genes	  for	  heat	  hormesis,	  with	  the	  possible	  exception	  of	  aak-­‐2.	  	  
Groups	  indicated	  with	  a	  bar	  are	  significantly	  different	  (p	  <	  .05).	  Groups	  labeled	  T1	  underwent	  
thermotolerance	  at	  34	  ºC,	  while	  groups	  labeled	  T2	  underwent	  thermotolerance	  at	  35	  ºC.	  	  Naïve	  indicates	  
no	  hormetic	  heat	  pretreatment,	  while	  all	  groups	  labeled	  pretreated	  	  were	  subjected	  to	  a	  1	  hr	  heat	  
treatment	  at	  35	  ºC	  24	  hours	  prior	  to	  thermotolerance.	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Nutrient	  Responsive	  Genes	  
	  
Figure	  10.	  RNAi	  of	  aak-­‐2	  eliminated	  this	  group’s	  ability	  to	  respond	  to	  heat	  hormesis,	  suggesting	  
requirement	  of	  the	  aak-­‐2	  gene	  for	  hormetic	  response	  in	  this	  trial.	  However,	  this	  results	  did	  not	  replicate	  
(see	  Figure	  11).	  	  EV	  naïve	  and	  EV	  heat-­‐	  pretreated	  are statistically different (p < 0.05) and aak-2 naïve 
and aak-2 heat- pretreated are not significantly different p = .42465 
 
	  
Figure	  11.	  aak-­‐2	  is	  not	  required	  for	  hormesis	  in	  this	  trial.	  EV	  naïve	  and	  EV	  heat-­‐	  pretreated,	  and	  aak-2 
naïve and aak-2 heat- pretreated are significantly different p <0.05	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Figure	  12.	  let-­‐363	  is	  not	  required	  for	  hormesis.	  EV	  naïve	  and	  EV	  heat-­‐	  pretreated	  and	  let-363 naïve and 
let-363 heat- pretreated are significantly different p < 0.05 
 
 
 
Figure 13. sir-2.1 is not required for heat hormesis.  EV	  naïve	  and	  EV	  heat-­‐	  pretreated	  and	  sir-2.1 naïve 
and sir-2.1 heat- pretreated are significantly different p <0.05. 
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Stress	  Response	  Genes	  
	  
Figure	  14.	  skn-­‐1	  may	  be	  partially	  required	  for	  hormesis.	  	  skn-­‐1	  RNAi	  animals	  were	  less	  stress	  resistant	  
than	  EV	  animals,	  however	  skn-­‐1	  RNAi	  animals	  still	  responded	  to	  heat	  hormesis.	  	  This	  result	  was	  not	  
replicated	  (see	  Figure	  15).	  EV	  naïve	  and	  EV	  heat-­‐	  pretreated,	  skn-1 naïve and skn-1 heat-pretreated,	  skn-­‐
1	  heat-­‐	  pretreated	  and	  EV	  heat-­‐	  pretreated	  are	  all	  significantly	  different	  p <0.05.  skn-1 naïve and EV 
naïve are not significantly different p = .49407 
	  
	  
Figure	  15.	  skn-­‐1	  is	  not	  required	  for	  heat	  hormesis.	  EV	  naïve	  and	  EV	  heat-­‐	  pretreated	  and	  skn-1 naïve and 
skn-1 heat- pretreated are significantly different p <0.05 
0	  
0.2	  
0.4	  
0.6	  
0.8	  
1	  
1.2	  
0	   5	   10	   15	   20	   25	   30	  
Pe
rc
en
t	  A
liv
e	  
Time	  in	  34	  Degree	  C	  Heat	  (Hours)	  
skn-­‐1	  RNAi	  Thermotolerance	  Survival	  
EV	  Naïve	  
EV	  Pre	  
Skn-­‐1	  Naïve	  
Skn-­‐1	  Pre	  
0	  
0.2	  
0.4	  
0.6	  
0.8	  
1	  
1.2	  
0	   5	   10	   15	   20	   25	  
Pe
rc
en
t	  A
liv
e	  
Hours	  in	  35º C	  
skn-­‐1	  RNAi	  Thermotolerance	  Second	  Trial	  
skn-­‐1	  naïve	  
skn-­‐1	  heat	  
EV	  naïve	  
EV	  heat	  
Honors	  Thesis	  
Anita	  Lowe,	  2011	  
33	  
	  
 
	  
Figure	  16.	  pha-­‐4	  is	  not	  required	  for	  heat	  hormesis.	  EV	  naïve	  and	  EV	  heat-­‐	  pretreated	  and	  pha-­‐4	  naïve	  
and	  pha-­‐4	  heat-­‐	  pretreated	  are	  significantly	  different	  p <0.05	  
	  
Figure	  17.	  pha-­‐4	  is	  not	  required	  for	  heat	  hormesis	  in	  second	  trial.	  EV	  naïve	  and	  EV	  heat-­‐	  pretreated	  and	  
pha-4 naïve and pha-4 heat- pretreated are significantly different p <0.05 
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Hormesis	  Genes	  Tested	  for	  Requirement	  in	  Dietary	  Restriction	  
	   Out	  of	  the	  three	  genes	  tested,	  daf-­‐16	  and	  daf-­‐18	  demonstrate	  partial	  requirement	  in	  this	  form	  
of	  dietary	  restriction	  (Figures	  18	  and	  19),	  while	  daf-­‐12	  is	  not	  required	  for	  DR	  (Figure	  20).	  	  Although	  
animals	  exposed	  to	  daf-­‐16	  RNAi	  still	  responded	  to	  hormesis,	  this	  response	  was	  to	  a	  lesser	  extent	  than	  
the	  response	  of	  wild-­‐	  type	  animals	  (Figure	  18),	  indicating	  partial	  requirement	  of	  daf-­‐16	  for	  DR.	  	  Similarly,	  
daf-­‐18	  mutant	  animals	  responded	  significantly	  less	  to	  heat	  hormesis	  than	  wild-­‐	  type	  animals	  (Figure	  19).	  	  
Again,	  this	  result	  suggests	  partial	  requirement	  of	  daf-­‐18	  for	  dietary	  restriction.	  	  	   	  
	  
Figure	  18.	  daf-­‐16	  may	  be	  partially	  required	  for	  heat-­‐induced	  hormesis.	  daf-­‐16	  	  animals	  were	  less	  stress	  
resistant	  than	  wild	  type	  N2	  animals,	  however	  ,	  daf-­‐16	  pretreated	  animals	  still	  responded	  to	  heat	  
hormesis.	  	  N2	  naïve	  and	  N2	  DR,	  daf-16 naïve and daf-16 DR, and daf-16 DR and N2 DR are all 
statistically different p = <0.05 
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Figure	  19.	  daf-­‐18	  might	  be	  partially	  required	  for	  stress	  resistance	  induced	  by	  this	  form	  of	  DR.	  	  daf-­‐18	  	  DR	  
pretreated	  mutants	  were	  less	  stress	  resistant	  than	  wild	  type	  N2	  animals,	  however	  ,	  daf-­‐18	  mutants	  still	  
responded	  to	  heat	  hormesis.	  	  N2	  naïve	  and	  N2	  DR	  and	  daf-­‐18	  naïve	  and	  daf-­‐18	  	  DR	  are	  significantly	  
different	  p <0.05. daf-18 naïve and N2 naïve are not statistically significant p = .08155 while daf-­‐18	  DR	  
and	  N2	  DR	  are	  significantly	  different	  p < 0.05 
	  
Figure	  20.	  daf-­‐12	  is	  not	  required	  for	  this	  form	  of	  dietary	  restriction.	  N2	  naïve	  and	  N2	  DR	  and	  daf-­‐12	  
naïve	  and	  daf-­‐12	  DR	  are	  significantly	  different	  p <0.05 
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Mitochondrial	  Genes	  Tested	  for	  Requirement	  in	  Hormesis	  
	  
	   Two	  mitochondrial	  genes	  were	  found	  to	  be	  required	  (B0261.4,	  Figure	  25)	  or	  partially	  required	  
(cco-­‐1,	  Figure	  23)	  for	  heat	  hormesis	  in	  this	  study.	  	  However,	  two	  other	  mitochondrial	  genes,	  clk-­‐1	  and	  
D2030.4,	  were	  not	  found	  to	  be	  required	  for	  heat	  hormesis	  (Figures	  26	  &	  24	  respectively).	  	  Of	  these	  two	  
non-­‐required	  genes,	  clk-­‐1	  is	  required	  for	  this	  form	  of	  DR	  (Figure	  26).	  	  These	  results	  suggest	  that	  some	  
components	  of	  the	  mitochondria	  play	  a	  role	  in	  heat	  hormesis	  while	  other	  components	  are	  not	  required,	  
and	  that	  the	  Mit	  genes	  required	  for	  heat	  hormesis	  do	  not	  necessarily	  coincide	  with	  those	  required	  for	  
DR.	  	  For	  a	  further	  analysis,	  see	  the	  discussion	  section.	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Mit	  Genes	  Tested	  for	  Requirement	  in	  
Hormesis	   Figure	  21.	  	  B0261.4	  is	  
required	  for	  heat	  
hormesis,	  and	  cco-­‐1	  is	  
partially	  required	  for	  
heat	  hormesis.	  	  	  
D2030.4	  and	  clk-­‐1	  are	  
not	  required	  for	  heat	  
hormesis.	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Group	   Mean	  (Hours)	  ±	  Standard	  Deviation	   P	  Value	  
	  
clk-­‐1	  Naïve	  
clk-­‐1	  Pretreated	  
13.35	  ±	  1.974742	  
15.63	  ±	  2.994417	  
 
p = .00001 
cco-­‐1	  Naïve	  
cco-­‐1	  Pretreated	  
10.79	  ±	  1.655711	  
11.57	  ±	  1.914123	  
 
p = .04122	  
B0261.4	  Naïve	  
B0261.4	  Pretreated	  
11.86	  ±	  3.255764	  
13.53	  ±	  2.865151	  
 
p = .00114	  
D2030.4	  Naïve	  
D2030.4	  Pretreated	  
12.38	  ±	  1.714292	  
14.60	  ±	  2.561094	  
 
p = .00001	  
EV	  Naïve	  
EV	  Pretreated	  
13.26	  ±	  2.562268	  	  
14.61	  ±	  2.329829	  
 
p = .02398	  
Figure	  22.	  	  Statistical	  data	  for	  mitochondrial	  gene	  knockdown	  thermotolerance	  test,	  with	  mean,	  
standard	  deviation,	  and	  p-­‐value.	  
	  
	  
Figure	  23.	  The	  mitochondrial	  gene	  cco-­‐1	  might	  be	  partially	  required	  for	  heat	  hormesis,	  or	  thermo-­‐
sensitive.	  	  EV	  naïve	  and	  EV	  heat-­‐	  pretreated	  are	  statistically	  different	  p <0.05.  cco-1 naïve and cco-1 
heat- pretreated are significantly different as well p <0.05, but cco-1 pretreated did not respond as 
robustly as the control.	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Figure	  24.	  	  The	  mitochondrial	  gene	  D2030.4	  is	  not	  required	  for	  heat	  hormesis.	  	  EV	  naïve	  and	  EV	  heat-­‐	  
pretreated	  and	  D2030.4 naïve and D2030.4 heat-pretreated are significantly different p <0.05	  
	  
Figure	  25.	  The	  mitochondrial	  gene	  B0261.4	  is	  required	  for	  heat	  hormesis.	  	  In	  fact,	  the	  naïve	  group	  
survived	  longer	  in	  lethal	  heat	  than	  the	  heat	  pretreated	  group.	  EV	  naïve	  and	  EV	  heat-­‐pretreated	  and	  
BO261.4 naïve and BO261.4 heat-pretreated are significantly different p <0.05.	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Figure	  26.	  clk-­‐1	  is	  required	  for	  this	  form	  of	  DR,	  but	  is	  not	  required	  for	  heat	  hormesis.	  	  clk-­‐1	  heat-­‐	  
pretreated	  and	  clk-­‐1	  naïve	  are	  statistically	  different	  p <0.05. clk-1 DR and clk-1 naïve are not statistically 
different p = .23155.  
	  
	  
	  
	  
Summary	  of	  Genes	  Tested	  for	  Requirement	  
	  
Life-­‐	  Extension	   Required	   Partially	  Required	   Not	  Required	   Inconclusive	  
Hormesis	   B0261.4	   cco-­‐1	   let-­‐363	  
skn-­‐1	  
pha-­‐4	  
clk-­‐1	  
D2030.4	  
aak-­‐2	  
Dietary	  Restriction	   clk-­‐1	   daf-­‐18	  
daf-­‐16	  
daf-­‐12	   	  
Figure	  27.	  Summary	  of	  genes	  tested	  for	  requirement	  in	  either	  DR	  or	  hormesis.	  	  Genes	  in	  red	  indicate	  
mutants,	  all	  others	  are	  RNAi.	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Discussion	  
Additive	  Effects	  of	  Hormesis	  and	  Dietary	  Restriction	  
Survival	  of	  eat-­‐2	  mutants	  was	  further	  increased	  by	  a	  hormetic	  heat	  pretreatment,	  which	  
indicates	  activation	  of	  an	  additional	  stress-­‐	  response	  pathway.	  Activation	  of	  both	  pathways	  
simultaneously	  results	  in	  cumulative	  stress	  resistance,	  or	  additive	  effects	  on	  survival	  in	  lethal	  heat.	  	  This	  
result	  is	  consistent	  with	  Cypser	  et	  al	  (2006),	  who	  also	  found	  additive	  effects	  of	  heat	  hormesis	  and	  eat-­‐2	  
dietary	  restriction.	  	  It	  should	  be	  noted,	  however,	  that	  the	  hormetic	  response	  of	  eat-­‐2	  mutants	  in	  this	  
study	  was	  not	  as	  robust	  as	  that	  of	  wild-­‐	  type	  animals	  (Figure	  7),	  which	  suggests	  that	  eat-­‐2	  might	  
modulate	  two	  aspects	  of	  stress	  response,	  intrinsic	  and	  environmental	  in	  opposing	  directions.	  	  However,	  
this	  opposing	  regulation	  seems	  unlikely,	  and	  the	  conservative	  interpretation	  of	  these	  results	  is	  that	  
there	  are	  mostly	  separate	  mechanisms	  behind	  heat-­‐	  induced	  hormesis	  and	  eat-­‐2	  DR,	  with	  the	  possibility	  
of	  minor	  overlap	  between	  these	  pathways.	  	  
	  
Nutrient-­‐	  Responsive	  Pathways	  
In	  further	  support	  of	  two	  separate	  mechanistic	  pathways,	  the	  nutrient-­‐	  responsive	  proteins	  
required	  for	  many	  forms	  of	  DR	  are	  not	  required	  for	  heat-­‐induced	  hormesis	  (Figure	  9).	  	  The	  genes	  
encoding	  these	  proteins	  include	  aak-­‐2,	  sir-­‐2.1,	  and	  let-­‐363.	  	  From	  a	  mechanistic	  viewpoint	  this	  result	  
makes	  sense,	  since	  the	  increased	  survival	  seen	  in	  heat	  hormesis	  is	  triggered	  by	  heat	  and	  not	  by	  altered	  
energy	  levels,	  and	  these	  stressors	  are	  physically	  very	  different.	  	  Indeed,	  it	  is	  unclear	  that	  energy	  levels	  
are	  altered	  in	  animals	  exposed	  to	  low	  levels	  of	  heat,	  and	  as	  such	  nutrient	  sensing	  might	  be	  irrelevant	  in	  
this	  pathway.	  	  Instead,	  because	  the	  original	  stress	  is	  heat	  in	  heat	  hormesis,	  it	  is	  logical	  that	  heat	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response	  proteins	  such	  as	  HSP-­‐16.2	  or	  the	  heat	  shock	  factor	  HSF-­‐1	  would	  act	  as	  the	  sensing	  mechanism	  
in	  this	  stress	  response	  pathway.	  	  Indeed,	  both	  hsp-­‐16.2	  and	  hsf-­‐1	  are	  required	  for	  heat	  hormesis	  (Rattan,	  
2008).	  	  In	  contrast,	  lowered	  nutrient	  and	  energy	  levels	  are	  an	  inherent	  component	  of	  dietary	  restriction,	  
and	  thus	  sensing	  these	  levels	  might	  represent	  a	  key	  mechanism	  in	  prompting	  the	  resultant	  stress	  
response.	  	  Regardless,	  it	  is	  clear	  from	  the	  results	  of	  this	  study	  that	  the	  energy-­‐	  sensing	  pathways	  behind	  
some	  forms	  of	  DR	  are	  not	  required	  for	  heat-­‐induced	  hormesis.	  
	  
Stress	  Response	  Pathways	  
The	  results	  of	  this	  thesis	  suggest	  mostly	  divergent	  stress	  pathways,	  with	  partial	  overlap	  in	  the	  
insulin-­‐signaling	  pathway	  at	  DAF-­‐16	  and	  possibly	  DAF-­‐18	  (Figures	  18	  and	  19	  respectively).	  	  SKN-­‐1	  and	  
PHA-­‐4	  are	  not	  required	  for	  this	  form	  of	  hormesis	  (Figures	  15	  and	  17	  respectively).	  	  Interestingly,	  while	  
some	  components	  of	  the	  insulin-­‐	  signaling	  pathway	  such	  as	  DAF-­‐2	  are	  dispensable	  for	  DR	  (Greer	  et	  al,	  
2007,	  Lakowski	  and	  Hekimi,	  1998),	  other	  downstream	  components	  of	  the	  insulin-­‐signaling	  pathway	  such	  
as	  DAF-­‐16	  are	  required	  for	  some	  forms	  of	  DR	  (Greer	  et	  al,	  2007).	  	  Consistent	  with	  these	  previous	  studies,	  
the	  results	  of	  this	  study	  suggest	  at	  least	  a	  partial,	  albeit	  non-­‐central,	  role	  of	  the	  insulin-­‐	  signaling	  
pathway	  in	  mediating	  DR.	  	  The	  components	  of	  the	  insulin-­‐signaling	  pathway	  required	  or	  partially	  
required	  for	  hormesis	  and	  DR	  (DAF-­‐16	  &	  DAF-­‐18)	  are	  downstream	  from	  DAF-­‐2	  (Kenyon	  et	  al,	  1993)	  and	  
represent	  only	  partial	  overlap	  between	  these	  two	  pathways.	  	  Another	  possibility	  is	  that	  the	  components	  
of	  the	  insulin-­‐	  signaling	  pathway	  used	  in	  DR	  are	  impinged	  upon	  a	  different	  pathway	  and	  as	  such	  
represent	  involvement	  of	  a	  mostly	  separate	  pathway.	  	  Additionally,	  the	  results	  of	  this	  study	  suggest	  only	  
partial	  requirement	  of	  DAF-­‐18,	  and	  as	  such	  the	  insulin-­‐	  signaling	  pathway	  does	  not	  appear	  to	  play	  a	  large	  
role	  in	  dietary	  restriction-­‐	  induced	  stress	  response.	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As	  mentioned	  previously,	  SKN-­‐1	  and	  PHA-­‐4	  are	  not	  required	  for	  heat	  hormesis,	  and	  as	  such	  the	  
stress	  response	  of	  dietary	  restricted	  animals	  appears	  to	  function	  through	  a	  different	  pathway	  than	  the	  
stress-­‐	  response	  pathway	  of	  heat	  hormesis.	  	  Because	  different	  forms	  of	  initial	  stress	  appear	  to	  trigger	  
different	  and	  specific	  stress	  responses,	  these	  results	  indicate	  a	  much	  more	  tailored	  and	  much	  less	  
generic	  physiological	  stress	  response.	  	  In	  other	  words,	  specific	  stresses	  appear	  to	  induce	  the	  response	  
most	  suited	  to	  the	  original	  trauma.	  	  Moreover,	  small	  variations	  in	  the	  original	  stress,	  such	  as	  differing	  
length,	  intensity,	  frequency,	  and	  repetition	  might	  also	  induce	  a	  different	  stress	  response.	  	  In	  support	  of	  
this	  possibility,	  Greer	  and	  Brunet	  (2009)	  found	  that	  even	  different	  forms	  of	  DR,	  which	  differ	  only	  slightly	  
in	  technique,	  require	  different	  genes	  (for	  review	  see	  the	  background	  section).	  
	  
Mitochondrial	  Genes	  and	  Hormesis	  
While	  this	  study	  was	  unable	  to	  evaluate	  the	  requirement	  of	  mitochondrial	  genes	  in	  dietary	  
restriction,	  this	  study	  did	  find	  one	  mitochondrial	  gene	  that	  may	  be	  required	  or	  partially	  required	  for	  
heat-­‐induced	  hormesis	  (B0261.4).	  	  Of	  the	  four	  mitochondrial	  genes	  tested,	  two	  genes	  were	  not	  required	  
for	  this	  form	  of	  hormesis	  (D2030.4	  and	  clk-­‐1),	  and	  the	  degree	  of	  requirement	  of	  one	  gene	  is	  somewhat	  
inconclusive	  (cco-­‐1).	  	  The	  gene	  found	  to	  be	  required	  for	  heat	  hormesis	  is	  a	  mitochondrial	  ribosomal	  gene	  
involved	  in	  translation	  of	  genes	  coded	  for	  by	  the	  mitochondrial	  genome,	  while	  the	  three	  genes	  found	  to	  
be	  not	  required	  or	  inconclusive	  all	  have	  functions	  in	  the	  electron	  transport	  chain.	  	  These	  data	  suggest	  
that	  while	  mitochondrial	  protein	  translation	  is	  essential	  for	  heat-­‐induced	  hormesis,	  complete	  function	  of	  
the	  electron	  transport	  chain	  is	  not	  required.	  	  These	  results	  indicate	  not	  only	  a	  key	  role	  of	  the	  
mitochondria	  in	  heat-­‐induced	  hormesis,	  but	  also	  further	  divide	  the	  mitochondria	  into	  required	  (protein	  
translation)	  components	  and	  disposable	  (ETC)	  components.	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The	  results	  of	  this	  study	  suggest	  that	  the	  mitochondrial	  gene	  B0261.4,	  which	  codes	  for	  a	  
mitochondrial	  ribosomal	  protein,	  is	  required	  for	  heat	  hormesis.	  	  In	  fact,	  naïve	  B0261.4	  animals	  
performed	  better	  in	  lethal	  heat	  than	  the	  heat	  pretreated	  B0261.4	  animals	  (Figure	  25),	  which	  is	  the	  exact	  
opposite	  result	  from	  what	  might	  be	  expected	  in	  a	  typical	  hormesis	  response.	  	  The	  failure	  of	  these	  
animals	  to	  respond	  to	  heat	  pretreatment	  in	  a	  hormetic	  fashion	  in	  the	  absence	  of	  this	  gene	  suggests	  that	  
the	  B0261.4	  gene	  is	  required	  for	  heat	  hormesis,	  and	  thus	  a	  part	  of	  the	  heat	  hormesis	  stress-­‐	  response	  
pathway.	  	  Moreover,	  it	  should	  be	  noted	  that	  the	  naïve	  B0261.4	  RNAi	  animals	  did	  not	  display	  any	  
thermo-­‐sensitivity	  compared	  to	  the	  control	  animals,	  and	  as	  such	  it	  is	  unlikely	  that	  this	  response	  is	  due	  to	  
the	  general	  sickness	  of	  the	  B0261.4	  animals	  in	  a	  heat	  environment.	  	  Because	  these	  results	  suggest	  that	  
the	  mitochondrial	  gene	  B0261.4	  is	  required	  for	  heat-­‐induced	  hormesis,	  they	  suggest	  that	  mitochondrial	  
ribosomes	  and	  thus	  mitochondrial	  translation	  play	  a	  role	  in	  the	  hormetic	  response.	  
In	  contrast,	  complete	  function	  of	  the	  electron	  transport	  chain	  does	  not	  seem	  to	  be	  required	  for	  
heat-­‐induced	  hormesis,	  since	  neither	  clk-­‐1	  nor	  D2030.4	  were	  required	  for	  heat-­‐induced	  hormesis.	  	  These	  
results	  bring	  up	  the	  interesting	  possibility	  of	  differential	  requirement	  of	  mitochondrial	  components,	  with	  
complete	  oxidative	  phosphorylation	  dispensable	  to	  this	  effect.	  	  If	  metabolism	  through	  oxidative	  
phosphorylation	  is	  dispensable	  to	  heat-­‐induced	  hormesis,	  then	  perhaps	  an	  alternative	  metabolic	  
pathway	  is	  activated	  in	  heat	  hormesis,	  similar	  to	  the	  altered	  metabolic	  state	  found	  in	  Mit	  mutants	  by	  
Butler	  et	  al	  (see	  background	  section).	  	  	  One	  possibility	  is	  that	  the	  malate-­‐	  dismutase	  pathway	  or	  other	  
anaerobic-­‐	  fermentation	  metabolic	  pathways	  utilized	  by	  the	  long-­‐lived	  dauer	  form	  (Burnell	  et	  al,	  2005)	  
are	  tapped	  into	  by	  Mit	  mutants,	  effectively	  reducing	  their	  reliance	  on	  oxidative	  phosphorylation.	  
Finally,	  the	  results	  of	  the	  cco-­‐1	  RNAi	  thermotolerance	  are	  somewhat	  inconclusive.	  	  Heat	  pretreated	  
animals	  with	  knockdown	  of	  the	  cco-­‐1	  gene	  (subunit	  of	  complex	  IV	  of	  the	  electron	  transport	  chain)	  did	  
not	  perform	  as	  well	  in	  lethal	  heat	  as	  pretreated	  control	  animals.	  	  This	  result	  indicates	  one	  of	  two	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possibilities,	  namely	  that	  cco-­‐1	  knockdown	  animals	  are	  either	  generally	  unable	  to	  respond	  as	  well	  to	  
heat	  stress,	  or	  that	  cco-­‐1	  is	  partially	  required	  for	  heat	  hormesis.	  	  This	  first	  possibility,	  that	  cco-­‐1	  animals	  
are	  thermo-­‐sensitive,	  is	  supported	  by	  the	  result	  that	  these	  animals	  had	  much	  poorer	  survival	  rates	  than	  
wild-­‐	  type	  animals	  in	  lethal	  heat	  (Figure	  23).	  	  Both	  cco-­‐1	  naïve	  and	  pretreated	  animals	  lived	  significantly	  
less	  long	  than	  naive	  EV	  animals	  in	  35	  ºC,	  which	  suggests	  that	  cco-­‐1	  animals	  are	  unable	  to	  respond	  well	  to	  
heat	  stress.	  	  If	  heat	  is	  particularly	  detrimental	  to	  cco-­‐1	  animals,	  than	  the	  increase	  in	  stress	  resistance	  
created	  by	  heat	  pretreatment	  might	  appear	  less	  robust	  because	  these	  heat-­‐	  sensitive	  animals	  die	  off	  
quickly	  in	  thermal	  conditions.	  	  However,	  naïve	  D2030.4	  knockdown	  animals	  also	  died	  off	  significantly	  
more	  rapidly	  than	  control	  animals	  in	  lethal	  heat	  (Figure	  24),	  suggesting	  heat	  sensitivity	  of	  these	  animals	  
as	  well,	  yet	  these	  animals	  responded	  robustly	  to	  heat	  pretreatment	  in	  a	  hormetic	  fashion.	  	  This	  result	  
might	  also	  suggest	  that	  unhindered	  oxidative	  phosphorylation	  is	  required	  for	  intrinsic	  thermotolerance,	  
but	  that	  a	  separate	  effect	  might	  enable	  induced	  thermotolerance.	  	  Finally,	  if	  both	  naïve	  Mit	  knockdowns	  
(cco-­‐1	  and	  D2030.4)	  were	  sensitive	  to	  heat	  compared	  to	  EV	  animals,	  yet	  only	  cco-­‐1	  animals	  failed	  to	  
produce	  a	  robust	  hormesis	  response,	  this	  might	  suggest	  partial	  requirement	  of	  cco-­‐1	  for	  heat	  hormesis.	  	  
Yet	  without	  further	  replicable	  data,	  the	  most	  conservative	  interpretation	  of	  this	  data	  is	  that	  cco-­‐1	  
animals	  are	  thermo-­‐sensitive	  and	  that	  cco-­‐1	  is	  not	  required	  for	  heat	  hormesis.	  	  The	  possibility	  that	  cco-­‐1	  
is	  not	  required	  for	  hormesis	  further	  supports	  the	  differential	  requirement	  of	  mitochondrial	  components	  
and	  the	  dispensability	  of	  the	  ETC	  in	  heat-­‐induced	  hormesis.	  	  	  
	  
Relationship	  of	  Hormesis	  to	  ROS	  Signaling	  
	  Because	  it	  was	  beyond	  the	  scope	  of	  this	  study	  to	  measure	  ROS	  levels	  in	  heat	  pretreated	  
compared	  to	  naïve	  animals	  following	  pretreatment,	  it	  is	  difficult	  to	  make	  claims	  about	  the	  role	  of	  ROS	  in	  
triggering	  heat	  hormesis.	  	  Yet	  because	  ROS	  levels	  were	  not	  looked	  at,	  it	  is	  also	  difficult	  to	  rule	  out	  this	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mechanism.	  	  It	  is	  possible	  that	  ROS	  levels	  are	  naturally	  elevated	  by	  heat	  stress	  and	  by	  DR,	  without	  
requirement	  of	  specific	  genes,	  and	  as	  such	  the	  role	  of	  mitochondrial	  genes	  in	  heat	  hormesis	  does	  not	  
necessarily	  provide	  information	  about	  the	  role	  of	  ROS	  in	  this	  same	  phenomenon.	  	  Therefore,	  while	  this	  
study	  indicates	  a	  potential	  role	  of	  the	  mitochondria	  in	  heat-­‐induced	  hormesis,	  it	  cannot	  make	  claims	  
about	  how	  mitochondrial	  ROS	  levels	  might	  affect	  heat-­‐	  induced	  stress	  resistance.	  	  	  	  
In	  addition,	  heat	  might	  be	  an	  overwhelming	  stimulus	  that	  overrides	  the	  requirement	  for	  ROS	  
signaling	  to	  trigger	  a	  hormetic	  response.	  	  Thus	  heat	  stress	  might	  represent	  a	  separate	  stress	  that	  is	  not	  
dependent	  on	  ROS	  signaling.	  	  Again,	  this	  would	  suggest	  a	  stress	  response	  tailored	  to	  the	  specific	  stressor,	  
but	  does	  not	  eliminate	  the	  possibility	  of	  a	  shared	  mechanism	  of	  ROS	  signaling	  behind	  many	  other	  forms	  
of	  stress	  response.	  	  	  
	  
Limitations	  
The	  limitations	  of	  this	  study	  include	  limitations	  in	  scope	  and	  experimental	  design.	  	  Because	  this	  
thesis	  only	  used	  heat	  hormesis	  and	  did	  not	  test	  other	  forms	  of	  hormesis,	  it	  is	  difficult	  to	  generalize	  
conclusions	  to	  all	  forms	  of	  hormesis.	  	  Indeed,	  whether	  all	  forms	  of	  hormesis	  function	  through	  the	  same	  
or	  different	  pathways	  is	  still	  unclear	  and	  as	  such	  it	  is	  possible	  that	  DR	  might	  overlap	  more	  with	  other	  
forms	  of	  hormesis.	  	  Additionally,	  it	  was	  beyond	  the	  scope	  of	  this	  thesis	  to	  test	  tissue	  oxidative	  stress	  
levels,	  and	  as	  such	  it	  is	  difficult	  to	  establish	  correlations	  between	  oxidative	  stress	  and	  survival.	  	  Without	  
these	  correlations,	  it	  is	  difficult	  to	  address	  the	  possibility	  of	  ROS	  signaling	  as	  a	  common	  underlying	  
mechanism.	  	  On	  a	  technical	  level,	  RNAi	  is	  less	  reliable	  than	  genetic	  mutants	  in	  knocking	  down	  a	  gene.	  	  
Thus	  results	  obtained	  with	  RNAi	  should	  be	  viewed	  with	  caution,	  as	  the	  degree	  of	  elimination	  of	  the	  gene	  
product	  (protein)	  is	  uncertain.	  	  In	  a	  similar	  fashion,	  only	  one	  of	  the	  mutant	  strains	  used	  in	  this	  study	  was	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a	  null	  mutant	  (NS3227	  daf-­‐18	  )	  with	  complete	  knockdown	  of	  the	  desired	  gene.	  	  All	  other	  mutants	  might	  
still	  have	  limited	  function	  of	  the	  gene	  product,	  which	  could	  affect	  the	  results	  obtained.	  	  	  
Fully	  addressing	  the	  degree	  of	  overlap	  between	  DR	  and	  hormesis	  requires	  further	  research	  into	  
both	  phenomena.	  	  Repeated	  testing	  of	  aak-­‐2	  and	  skn-­‐1	  should	  be	  performed	  to	  resolve	  the	  conflicting	  
results	  of	  the	  two	  trials	  performed	  in	  this	  thesis.	  	  Additionally,	  the	  factors	  required	  for	  DR	  should	  be	  
tested	  for	  requirement	  in	  different	  types	  of	  hormesis,	  in	  addition	  to	  heat.	  	  It	  is	  possible	  that	  different	  
forms	  of	  hormesis	  utilize	  different	  pathways,	  and	  as	  such	  DR	  might	  overlap	  to	  a	  greater	  degree	  with	  a	  
different	  form	  of	  hormesis.	  	  Additionally,	  the	  theory	  of	  mitohormesis	  should	  be	  further	  explored	  by	  
testing	  ROS	  levels	  in	  pretreated	  nematodes	  immediately	  after	  heat	  conditioning	  and	  during	  the	  
thermotolerance	  test	  to	  establish	  if	  oxidative	  stress	  levels	  are	  elevated	  by	  heat.	  	  Finally,	  mitochondrial	  
mutants	  should	  be	  tested	  for	  requirement	  in	  DR	  to	  explore	  the	  relationship	  between	  mitochondria,	  DR,	  
and	  heat-­‐induced	  hormesis.	  	  	  
	  
Conclusions	  
Overall,	  the	  results	  of	  this	  study	  suggest	  little	  overlap	  between	  dietary	  restriction	  and	  heat	  
hormesis.	  	  	  Instead,	  these	  results	  indicate	  two	  separate	  pathways	  each	  designed	  to	  respond	  to	  
environmental	  stimuli	  by	  increasing	  stress	  resistance	  and	  extending	  lifespan.	  	  These	  results	  suggest	  a	  
stress	  response	  specific	  to	  the	  stressor,	  and	  indicate	  that	  hormesis	  might	  not	  function	  through	  one	  
mechanism	  but	  instead	  represents	  a	  general	  tendency	  to	  respond	  to	  stress	  with	  the	  appropriate	  specific	  
pathway.	  	  Thus	  while	  dietary	  restriction	  matches	  the	  description	  for	  hormesis,	  it	  seems	  to	  be	  a	  separate	  
stress-­‐	  response	  phenomenon.	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The	  more	  interesting	  result	  of	  this	  thesis	  is	  the	  possible	  requirement	  of	  mitochondrial	  ribosomal	  
function	  in	  heat-­‐induced	  hormesis	  in	  light	  of	  the	  dispensability	  of	  the	  electron	  transport	  chain.	  	  Further	  
investigation	  into	  the	  role	  of	  various	  mitochondrial	  ribosomal	  genes	  should	  be	  undertaken	  to	  determine	  
the	  extent	  of	  mitochondrial	  protein	  translation	  in	  heat-­‐induced	  hormesis.	  	  It	  might	  also	  prove	  interesting	  
to	  systematically	  evaluate	  Mit	  mutants	  with	  knockdown	  of	  components	  of	  the	  electron	  transport	  chain	  
to	  further	  differentiate	  which	  components	  of	  the	  mitochondria	  are	  or	  are	  not	  required	  for	  heat	  
hormesis.	  	  Finally,	  it	  might	  prove	  interesting	  to	  evaluate	  the	  exometabolism	  (as	  in	  Butler	  et	  al,	  2010)	  of	  
Mit	  mutants	  subjected	  to	  heat	  stress,	  to	  determine	  if	  alternative	  metabolic	  pathways	  are	  utilized	  under	  
these	  conditions,	  and	  if	  so	  their	  role	  in	  hormesis	  and	  longevity.	  	  Because	  mitochondrial	  function	  has	  
been	  implicated	  in	  life-­‐extension	  (Feng	  et	  al,	  2001),	  and	  dietary	  restriction	  through	  clk-­‐1	  (Greer	  and	  
Brunet,	  2009),	  researchers	  have	  long	  suggested	  a	  central	  role	  for	  the	  mitochondria	  in	  the	  longevity	  of	  
the	  organism.	  	  By	  suggesting	  a	  role	  for	  the	  mitochondria	  in	  heat-­‐induced	  hormesis	  as	  well,	  this	  thesis	  
further	  characterizes	  the	  role	  of	  the	  mitochondria	  in	  the	  stress	  response	  and	  health	  of	  the	  organism,	  and	  
proposes	  a	  new	  area	  for	  exploration.	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